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Note

This document is a publication of the dissertation “Investigating Interruptions: Implications for
Flightdeck Performance,” submitted in partial fulfillment of the requirements for the Doctor of
Philosophy degree at the State University of New York at Buffalo’s Industrial Engineering
program. This research was conducted at NASA Langley in Hampton, Virginia in the
Crew/Vehicle Integration branch and sponsored by a NASA Graduate Student Researcher’s
fellowship (grant number NGT-50992). The research reported in this publication was
concluded and first published as the dissertation on November 1, 1996.
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Abbreviations / Glossary

Term
ACWS

AP

ATC

ATIS

CAA
CADC
CDhu
COMM
CSA
CRA

Datalink

dBA

DME

EDR
EEG

EHA

Definition
Attitude Control Wheel Steering — ACWS is a reduced mode of the autopilot
which provideds constant heading and attitude once flightpath deviations are
manually eliminated.
Approach Point — The AP is the waypoint just prior to the touchdown point.

Air Traffic Control(ler) — A service provided from a control tower for aircraft
operating on the movement area and in the vicinity of an airport.

Automatic Terminal Information System — ATIS is a continuous broadcast of
recorded non-control, routine, but necessary information about a terminal area.

Auditory Change Altitude intervening task.

Central Air Data Computer.

Control Display Unit — The CDU is the interface to the FMS.
Communication channel.

Auditory Change Speed intervening task.

Auditory Change Runway intervening task.

Datalink is a technology which provides digital information flow between
ground services and flightdecks.

This unit measures sound pressure level calculated such that frequency ranges
are weighted in a manner similar to the human ear’s attenuation.

Distance Measuring Equipment — DMEs measure, in nm, the slant range
distance of an arc from a navigational aid to a reference.

Electro-dermal Response.
Electro-encephologram.

Auditory Enter Hold intervening task.
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Term
EKG

EPR
ETA
FAF

FMC

FMS

FPA

IRA
IRS

IRV

KIAS

MAF

NAV

ND

nm

Definition
Electro-cardiogram.

Engine Pressure Ratio — EPR is a measure of engine function.
Estimated Time of Arrival.

Final Approach Fix procedure.

Flight Management Computer — The FMC allows pilots to preprogram a
desired flightpath and obtain status information, among other control and

information functions.

Flight Management System — The FMS includes the FMC and peripheral
devices used to sense and program the aircratft.

Flight Path Angle — FPA is a parameter equal to the difference between pitch
and the angle of attack (see appendix 5.14).

Intervention Position.

Auditory Initial Runway intervening task.

Inertial Reference System.

Visual Initial Runway intervening task.

Interrupting Task / Incidental Task.

Knots of Indicated Airspeed.

Missed Approach Fix — The MAF is the point to which the aircraft should
execute a missed approach procedure if the required visual conditions are not
adequate to land.

Navigation channel.

Navigational Display — The ND provides a plan-view of the programmed,
actual, and projected flightpath.

Nautical miles.



Term
NOTAM

oT

PFD

D

TOD

TRANS

TSRV

Vref30

Waypoint

WYPT

18K’

Definition
Notice to Airmen — A NOTAM contains new information concerning the
establishment, condition of, or change in any facility, service, procedure or
hazard, the timely knowledge of which is essential to personnel concerned with
flight operations.
Ongoing Task.

Primary Flight Display — The PFD provides attitude, altitude, speed, and track
current, target, and trend information.

Touchdown point — The TD is a point located

Top of Descent point — The TOD point is the last waypoint for which the
aircraft is at cruise altitude.

Transponder.

Transport Systems Research Vehicle — The TSRV is a fixed-base simulation
facility at NASA Langley similar to a Boeing 737 flightdeck.

Approach Reference Speed for Flaps 30 setting.

A pre-determined geographical position used for route/instrument approach
definition, or progress-reporting, and that is defined relative to a navigational
aid or in terms of latitude and longitude coordinates.

Waypoint.

18,000 feet-altitude procedure.



Abstract

A fundamental aspect of multiple task management is to attend to new stimuli and integrate
associated task requirements into an ongoing task set; that is, to engage in interruption
management. Anecdotal evidence and field studies indicate the frequency and consequences of
interruptions, however experimental investigations of the mechanisms influencing interruption
management are scarce. The commercial flightdeck is a naturally multi-tasking work
environment, one in which interruptions are frequent and of various forms. Further,

interruptions have been cited as a contributing factor in many aviation incident reports and in at
least one major accident. The flightdeck, therefore, provides an appropriate, real-world work
environment for investigating interruptions, and one that could obviously benefit from

mitigating their effects.

This research grounds an experimental investigation in a stage model of interruption
management. The Interruption Management model provides a basis for identifying potential
influencing mechanisms and determining appropriate dependent measures. The model also
provides an organizational framework for basic research relevant to the study of interruption
management. Fourteen airline pilots participated in a flightdeck simulation experiment to
investigate the general effects of performing an interrupting task, of performing an interrupted
procedure, and the effects of specific task factors: (1) modality; (2) embeddedness, or goal-
level, of an interruption; (3) strength of association, or coupling-strength, between interrupted
tasks; (4) semantic similarity of the interruption and interrupted task; (5) the level of
environmental stress.

General effects of interruptions were extremely robust. All individual task factors significantly
affected interruption management, except the similarity factor. Results are interpreted to
extend the Interruption Management model, and for their implications to flightdeck
performance and intervention strategies for mitigating their effects on the flightdeck.

Xi



1. Introduction
Statement of problem

Human operators increasingly supervise and manage multiple tasks in complex, dynamic
systems (Sheridan and Johannsen 1976). A fundamental aspect of multiple task
management is to attend appropriately to and accommodate new, interrupting stimuli and
tasks; that is, to engageimterruption managemen(Adams, Tenney, and Pew 1995;

Woods 1995; Cooper and Franks 1993; Abbott and Rogers 1993; Funk 1991, 1996). The
effects of interruptions are exacerbated in complex, multi-tasking work environments, but
even work environments and tasks not typically considered complex, such as a sales office
(e.g, Paquoit, Eyrolle, and Cellier 1986), or multi-tasking, such as database navigation
(e.g, Field 1987), suffer the consequences of interruptions. Rapid advances in
telecommunications technology have dramatically increased interpersonal access and
communication. This increased access and convenience of communication also implies an
increased potential for interruptions to a wider range of interrupted tasks and task contexts.

Interruptions often negatively affect human performance. Specifically, most laboratory and
applied experiments demonstrate that interruptions increase post-interruption performance
times (Detweiler, Hess, and Phelps 1994; Gillie and Broadbent 1989; Field 1987; and
Kreifeldt and McCarthey 1981) and error rates (Detweiler, Hess, and Phelps 1994; Cellier
and Eyrolle 1992; Gillie and Broadbent 1989; Field 1987; and Kreifeldt and McCarthey
1981), increase perceived workload (Kirmeyer 1988), and motivate compensatory behavior
(Cellier and Eyrolle 1992; Paquiot, Eyrolle, and Cellier 1986). Recognizing these
significant deleterious effects of interruptions, Kreifeldt and McCarthey (1981) suggest that
the ability of a human machine interface to mitigate these effects should be explicitly
addressed as a usability issue in design. The deleterious effects of interruptions extend
beyond these laboratory experiments and usability studies. Interruptions also contribute to
serious incidents and accidents in complex systems; for example, power plant incidents
(e.g, Bainbridge 1984; Griffon-Fouco and Ghertman 1984), aviation incidens (

Madhaven and Funk 1993; Chou and Funk 1993; Monan 1979; Turner and Huntley 1991),
and aviation accidentg.g.NTSB 1988, 1973).

Research Goals

The ubiquity of interruptions, both within and across many work environments, and the
associated performance decrements found in both laboratory and operational settings
motivates the study of interruptions. Although the larger issue of multiple task management
is widely studied and many basic research perspectives are relevant to the study of
interruptions, the study of interruptionser se has not received commensurate attention.
Similarly, research investigating multiple task management on the flightdeck receives a
great deal of attention whereas only a few studies addressing the influence of interruptions
on flightdeck performance exist. Research of interruptions on the flightdeck predominantly
describes interruptions as a causal factor in aviation incidents and accidents. Flightdeck
simulation studies have addressed issues relevant to the study of interruptions, however,



prior to this research effort, interruptions on the flightdeck have not been explicitly,
experimentally investigated in a flightdeck simulation environment. The commercial
flightdeck is a multitasking environment in which interruptions naturally occur. In
addition, the deleterious effects of interruptions in this environment are well documented.
The flightdeck, therefore, provides an appropriate, real-world work environment for
investigating interruptions and one that could obviously benefit from mitigating their
effects.

The goals of this research are: (1) to provide a conceptual model of interruption
management, and (2) to investigate factors hypothesized to influence interruption
management, (3) to demonstrate the effects of interruptions in a relatively realistic
simulation of a naturally multitasking work environment, the commercial flightdeck. This
research presents a stage model of interruption management as a foundation for defining
effects of interruptions on ongoing task sets, and relating basic research to interruption
management. The present study investigates several factors identified by this model and
scant previous research directly focusing on interruption mechanisms. These factors
include: ongoing and interrupting task modalities, embeddedness of an interruption in an
ongoing procedure, perceived coupling of an interrupted task sequence, semantic similarity
of the interrupted and interrupting tasks, and environmentally-imposed stress. To
investigate the effects of interruptions on flightdeck performance, | develop a simulation of
a commercial flightdeck and flight scenario and expose current, commercial airline pilots to
realistic Air Traffic Control (ATC) interruptions.

The motivation for this research is to ultimately alleviate the effects of interruptions on the
flightdeck through interface design, intelligent aiding devices, and training systems. This
research provides a general theoretical approach and empirical evidence of contextual
factors affecting flightdeck interruption management toward the development of these
interventions.



2. Literature Review

This section reviews previous literature on interruption management generally and in
particular with respect to their occurrence to, and affects on, commercial flightdeck
operations. | describe basic research perspectives related to interruption management in the
context of the interruption management model in section 3.

Observing and Investigating Interruptions

Previous research takes three approaches to investigating interruptions. First, observations
demonstrate the incidence and consequences of interruptions in real work environments.
Second, applied research evaluates characteristics in interrupted task scenarios
human/machine interface. Third, basic studies use abstract tasks and highly controlled
procedures to investigate factors that influence the effects in laboratory settings.

Observations of Interruption Incidence and Consequences

Interruptions increase the uncontrollability and unpredictability of an environment, and as
such, increase the stress level of any environment (Cohen 1980; Kirmeyer 1988). The
resulting deleterious effects of interruptions are obvious in operational environments. In a
telecommunications sales office, phone calls from clients and communication from
colleagues interrupt operators while they update written materials (Paquiot, Eyrolle, and
Cellier 1986). Seventy-seven percent of these interruptions pre-empted operators’
performances of ongoing tasks. These interruptions delay performance times for ongoing
tasks but do not significantly increase error rates (Paquiot, Eyrolle, and Cellier 1986).
Paquiot, Eyrolle, and Cellier (1986) interpret these observations to indicate that operators
strategically expand performance time and choose particular integration strategies to
minimize increases in error rates. Kirmeyer (1988) observed that police-dispatching radio
operators are also frequently interrupted, and the following effects of interruptions. Radio
interruptions occur to almost half, 43%, of dispatcher’s ongoing, work-related activities.
Frequency of interruptions is directly and significantly associated with dispatchers’
appraisals of workload and with the number of self-reported copingtestivSelf-

appraisals of overload and number of coping actions are significantly associated with the
frequency of radio interruptions managed in parallel with ongoing routine tasks, but not
with preemptive interruptions. Regrettably, neither the relative frequency, nor the
conditions under which dispatchers employ these two interruption management strategies
are reported. Interruptions are also a causal factor in power plant incidents. Griffon-Fouco
and Ghertman (1984) find that interruptions of primary tasks account for more than 25% of
the shut-down incidents they surveyed (Paquiot, Eyrolle, and Cellier 1986). Bainbridge’s
(1984) survey also found interruptions to be a major source of human error in nuclear power
plant operations.

Applied Research: Interruption and Human/Machine Interfaces

Given that interruptions naturally occur in the environments in which consumer products
are used, and given that interruptions typically degrade performance, it follows that



products should be evaluated in, and designed for, realistic contextkose containing
interruptions. Evaluations in these more realistic task contexts detect differences in
interfaces that do not appear in unrealistically stable circumstances (Kreifeldt and
McCarthey 1981). Kreifeldt and McCarthey (1981) propose this methodology most
explicitly and call forinterruption resistanceas a human/interface design specification.

This methodology is used to evaluate reverse-Polish notation (RPN) and algebraic notation
(AN) calculators (Kreifeldt and McCarthey 1981), and to evaluate database search
techniques (Field 1987) and hypertext structure and search capabilities (McDonald and
Stevenson 1996). Although the intent of this line of research is to evaluate interfaces,
results suggest factors that influence how operators handle interruptions.

Calculator Design

Kreifeldt and McCarthey (1981) find some similar effects of interruptions on subjects using
both the AN and RPN calculatois., similar resumption times, significantly longer
performance times on interrupted tasks compared to uninterrupted tasks, shorter resumption
times than initial onset times, and no difference between error rates for interrupted and
uninterrupted tasks. Kreifeldt and McCarthey’s (1981) other results distinguish between
these devices. Interruptions cause much slower, over twice as long, interrupted task
performance times for the AN calculator than for the RPN calculator. Two factors are
confounded in these calculators, the underlying logic system and the display/control
interface. These authors suggest that negligible differences between initial and resuming
key presses, and between uninterrupted solution times indicate that users could adapt to
either logic system. They focus, then, on display differences in the calculator interfaces.
The RPN calculator displays user entries differently than resultants, indicating not only
interim calculations but also displaying previous operator actions. By externally displaying
elements of the problem representation and previous actions, and thereby decreasing the
user’s internal memory load, these authors suggest that the RPN calculator’s interface may
facilitate performance following interruption and allow subjects to perform the total

ongoing task faster.

Searching Information Systems

Field (1987) considers the efficacy of a selective retreat search facility (which provides the
user with a sequential trace of items visited) in comparison to a more restricted retreat
search facility (which allows users only to return to the previous screen) in a database
application for simple and complex information acquisition tasks. Field’s (1987) results are
summarized as follows. Interrupted performance significantly differs for search type and
task type conditions, indicated by the number of retreats, and the number of screens
required to access the target after interruption. Interruptions do not differentially affect
performance on different search types or task types as indicated by resumption time or the
time to access the target following the interruption. Subjects retreat less and visit fewer
screens prior to target acquisition when using the selective retreat facility. There are two
possible explanations for this result: (1) The selective retreat facility externalizes more of
the prior sequence and, thereby, affords more memory prompting than the restricted retreat
facility. (2) The selective retreat facility may help users develop a ‘cognitive map’ of the




system and the resulting improved contextual system knowledge facilitates post-interrupt
performance. In addition, Field (1987) demonstrates that interruptions to complex tasks
result in significantly more post-interruption retreats and more screen visitations than
interruptions to simple tasks. He suggests that the lack of significance in other measures
(i.e., resumption time, post-interrupt target acquisition time), that would more conclusively
support this point, may be due to insufficiently-different complexity manipulations.

In a similar study, McDonald and Stevenson (1996) investigate hypertext information
structures and associated search facilities. Specifically, they compare three structures of the
same information; a linear structure, in which nodes appear in sequence and users can only
move forward and backward; a hierarchical structure, in which nodes compose a parent-
child tree and provides guided exploration and backtracking; and a non-linear structure, that
links related nodes as a network and allows users unrestricted navigation and backtracking.
Following an interrupting task, users of the linear system located target cards significantly
faster and accessed fewer non-target cards than users of either the hierarchical or non-linear
hypertext systems. Users of the hierarchical system access fewer cards than users of the
non-linear system. McDonald and Stevenson (1996) attribute linear and hierarchical system
users’ superior performandes., their relative lack of interruption-induced disorientation,

to the supposition that users receive better spatial representation of text location, contextual
system knowledge, with these systems than with the unrestricted system. Further, they
suggest that linear and hierarchical constraints on navigation facilitate post-interruption
reorientation by minimizing the number of choices available, and thereby decreasing
memory load.

Basic Research on Interruption Mechanisms

Observational and applied research suggests task characteristics that influence interruption
management performance, but it does not explicitly manipulate these factors, and as such,
causal relationships are tenuous. In fact, very few investigations address this issue directly.
This review begins with a historical perspective on investigating interruptions and continues
by describing experimentally-identified effects of task, environment, and operator
characteristics on interruption management.

Recall and Resumption of Interrupted Tasks

The most extensive line of interruption research stems from the motivational psychology
tradition. This research focuses on demonstrating the relationship between interruption and
memory, specifically as evidenced by recall for completed vs. interrupted tasks, and for the
tendency to resume interrupted tasks. Early experimentation found that subjects are more
likely to recollect interrupted tasks than completed tasks (Zeigarnick 1927), and that, even
when told it was unnecessary to do so, subjects spontaneously resume interrupted tasks
(Ovsiankina 1928). These studies do not, nor do the many studies that attempted to
replicate or extend these results, address the degree of effect caused by an interruption
(Gillie and Broadbent 1989). Many of the extensions to this work attempt to relate

subjects’ propensity for recalling or resuming interrupted tasks to psychological traits or




instructions that indicate different motivational stateghe value of this research is its
establishment of the heightened recall and resumption of interrupted tasks, a phenomenon
referred to as the “Zeigarnick effect”. One motivational psychology theory suggests that
working memory load explains heightened interrupted-task recall and resumption effects
(Miller, Galanter, and Pribram 1960).

Task Characteristics Influencing Interruption Management

Several studies further investigate the effects of working memory load on interrupted task
performance. In a series of experiments, Gillie and Broadbent (1989) attempt to converge
on characteristics of interrupted task scenarios that degrade performance. After finding no
performance degradation with both short (30 seconds) and long (2.75 minutes) interruption
intervals, under conditions that afford rehearsal prior to performing the interruption task,
Gillie and Broadbent (1989) conclude that the length of the interruption interval does not
influence an interruption’s propensity for causing performance degradation. Based on the
presence of disruptive effects when memory load at the interruption point is minimal
(Kreifeldt and McCarthey 1981), and the lack of deleterious effects in their more memory-
loading ongoing task, Gillie and Broadbent (1989) suggest that the memory load associated
with the ongoing task’s interruption position does not influence the performance effects of
an interruption. They further dismiss evidence of a memory load effect in two of their four
experiments as an artifact of the experimental task and procedures. In contrast, other
researchers find striking evidence that the memory load associated with the interruption
position in the ongoing task does significantly influence an interruption’s deleterious effects
on performance (Hess and Detweiler 1994; Detweiler, Hess, and Phelps 1994). If the
ongoing task is a nested equation, it can be represented as a goal structure in which
interruptions can be embedded at different levels of memory-loading (Detweiler, Hess, and
Phelps 1994). Detweiler, Hess, and Phelps (1994) manipulate memory load by interrupting
at two levels of an equation’s goal structure, thereby ensuring one (corresponding to low
memory load) or two (corresponding to high memory load) intermittent results in memory
at the time of the interruption. Interruptions at higher memory load, more embedded,
positions can result in less accurate response on the main task and on the interruptions
(Hess and Detweiler 1994; Detweiler, Hess, and Phelps 1994); and, if the ongoing task is
presented in varied-sequence, resumption delays (Detweiler, Hess, and Phelps 1994).
However, other research does not succeed in demonstrating the distracting effects of
interruptions as a function of ongoing task goal-level in a more dynamic hierarchical task
(Lorch 1987).

Whereas Gillie and Broadbent's (1989) simple, processing-intensive interruptions that

allow rehearsal do not degrade performance; a memory-intensive, free-recall interruption
task that does not allow rehearsal does degrade performance. This contrast indicates that
either the competition for similar resources between the interruption and the ongoing task
(both memory-intensive tasks), or the inability to rehearse the interruption point in the
ongoing task causes degraded performance. Performance also degrades when interruptions

' See Van Bergen (1968) for a review of this literature.



are short, complex.¢., a decoding and arithmetic task) and do allow rehearsal. Given that
both this type of interruption and the free-recall interruption cause performance
degradation, it is difficult to conclusively determine one source of performance degradation.
Rather, it seems that, although resource competition introduced by similar interruptions and
ongoing tasks degrades performance, since a dissimilar interruption produces degradation
even when rehearsal is provided, a larger phenomenon is at work. Gillie and Broadbent
(1989) suggest that rather than similarity or rehearsal, the operative factor may be task
complexity, or the amount of information processing required by the interruption. Other
evidence suggests that interruption complexity does reduce accuracy (Cellier and Eyrolle
1992).

The similarity of interruption and ongoing task can be defined by either, the resources
utilized to perform the tasks, the form of information to be processed (Hess and Detweiler
1994), or the semantic content of the material. Resources associated with architectural
components of human information processingba®e resourcefCellier and Eyrolle

1992). In contrastonstructed resourceme associated with semantic knowledge (Cellier
and Eyrolle 1992). Gillie and Broadbent (1989) interpret their results in terms of similarity
of processing resources. Interruptions similar to the ongoing task in terms of both
processing resources and information form, produce less accurate performance (Hess and
Detweiler 1994; Detweiler, Hess, and Phelps 1994), and result in longer resumption delays
(Detweiler, Hess, and Phelps 1994) than interruptions only similar in terms of processing
resources. This effect holds for interruptions with both relatively high and low memory
capacity requirements (Detweiler, Hess, and Phelps 1994), suggesting that similarity of
material type significantly influences the degree to which an interruption degrades
performance. Semantic similarity does not influence response times or accuracy when
similarity manipulations rely on distinctions among the sets of; even and odd numbers,
numbers over 50, letters, and vowels and consonants (Cellier and Eyrolle 1992).

Although the direction of the base-resource similarity effects are fairly robust, other factors
influence whether these effects are significant. Specifically, the effects of base-resource
similarity are most evident when interruptions occur at interruption positions that induce a
high memory load and when rehearsal is restricted (Hess and Detweiler 1994; Detweiler,
Hess, and Phelps 1994). Although rehearsal may mitigate the influences of some
interruptions, allowing rehearsal does not necessarily guarantee that interruptions do not
degrade performance (Gillie and Broadbent 1989). Whereas Gillie and Broadbent’s (1989)
experiments manipulate rehearsal by using different interrupting tasks, Detweiler and
colleagues (Hess and Detweiler 1994; Detweiler, Hess, and Phelps 1994) explicitly prompt
rehearsal by providing warnings to subjects and instructing them to remember their place in
the ongoing task. This difference in experimental conditions may explain seemingly
contradictory observations on the protective powers of rehearsal.

Other factors that influence the degree of performance degradation induced by an
interruption correspond to the ease with which one performs the ongoing task. Detweiler,
Hess, and Phelps (1994) compare consistent-sequence presentation to a varied-sequence
presentation of the information required to perform the ongoing task. Commensurate with
previous research on learning with consistent and varied mappings, interruptions do not



degrade performance on ongoing tasks with consistent-sequence information presentation as
much as they do to ongoing tasks with information presented in a varied sequence. Further,
significant differences in resumption time attributed to the memory load of the interruption
position are only evident in varied-sequence conditions. By presenting ongoing task
information in a consistent sequence, performance on the ongoing task becomes more
efficient, less memory-demanding, and thereby makes available more resources for
interruption management (Detweiler, Hess, and Phelps 1994). Even with extended practice
on a consistent-sequence task, interruptions can still degrade performance (Hess and
Detweiler 1994). However, if allowed the same extent of practice on the ongoing task with
intervening interruptions, subjects’ performance becomes resistant to the deleterious effects
of interrupts (Hess and Detweiler 1994). Performance is not dependent on whether the
ongoing task set has a random, or free, order; a fixed and logical order; or a fixed but
arbitrary order (Gillie and Broadbent 1989).

Environmental Characteristics Influencing Interruption Management

Time constraints on task performance also affect interruption management. Abrupt
interruptions to an ongoing task with high time constraints appear to actually speed
performance on the interrupted task, but also impair accuracy of its performance more than
interruptions to tasks with more relaxed time constraints (Cellier and Eyrolle 1992). This
result might indicate that additional resources are activated under greater time constraints,
speeding performance, and, due to a speed/ accuracy trade-off, result in decreased accuracy
(Cellier and Eyrolle 1992). Alternatively, subjects may strategically assume that, in low

time constraint conditions, the timeliness of performance is assured and therefore the goal is
to improve accuracy; whereas, under higher time-constraint conditions, the primary goal is
to assure timely performance (Cellier and Eyrolle 1992). Recall that sales personnel also
seem to strategically alter performance in one dimension, they extend overall performance
time, to achieve another performance goal, reduction of errors (Paquiot, Eyrolle, and Cellier
1986).

Operator Characteristics Influencing Interruption Management

Operator characteristics also have the potential to affect interruption management. In
addition, to individual strategy development as previously implied, both personality type
and cognitive style influence performance in interrupted situations. An individual's Type-A
| Type-B personality classification can predict how they respond in work situations with
many interruptions (Kirmeyer 1988). Type-A personalities are characterized by hostility-
aggression, impatience or time-urgency, and striving for competitive achievement; whereas,
Type-B personalities are more patient, easygoing, and noncompetitive. Kirmeyer (1988)
classifies 72 police radio dispatchers as either Type-A or Type-B personalities and
associates this personality characteristic with dispatchers’ self-appraisals of work overload
and the number of coping actions taken in response to with interruption rates. Type-A
personalities are more likely to appraise work level as overload and report that their
controlling actions increase with the incidence of interruptions. Although no evidence
exists that Type-A personalities are interrupted more frequently, the data collected in this
experiment is insufficient to rule out the possibility that differences in perceived work




overload are not simply reflective of actual differences in work levels or work
responsibilities (Kirmeyer 1988).

Jolly and Reardon (1985) associate an aspect of cognitive style, field-dependency, with
interrupted task performance. Field-dependency refers to the ability to rapidly reorient
assignments of stimuli to different cognitive or mental processes (Braune and Wickens
1986). Field-dependent individuals appear to be more disadvantaged by interruptions in
over-learned, automatic procedures (Jolly and Reardon 1988). Field-independent
individuals distinguish between task-relevant and task-irrelevant materials more assuredly
and use task-relevant materials to reorient to the primary task following interruption.

Interruptions on the Flightdeck

The flightdeck is a complex and dynamic multitasking environment in which pilots
increasingly supervise and manage higher-level automated processes rather than
continuously monitor and control individual flight parameters. External and aircraft events,
as well as interactions with other operators, compete for pilots’ attention and require pilots
to integrate performance requirements associated with these unexpected prompts with
ongoing flightdeck tasks. Interruptions, therefore, are a recognized facet of multiple task
management on the flightdeck. Several incident and accident investigations implicate
interruptions as a contributing factor. Although the significant incidence and, potentially,
severe consequences of interruptions are obvious, experimental research directly
investigating interruptions on the flightdeck is sparse. The following sections describe the
role of interruption management in the context of multiple task management on the
flightdeck, incident and accident investigations implicating interruptions as a causal factor,
and experimental research related to investigating interruptions on the flightdeck.

Interruptions in the Flightdeck Context

Task management is one of four flightdeck functionsp@an with flightdeck management,
communications management, and systems management (Abbott and Rogers 1993). While
equal in consideration to the other critical functional categories, task management functions
are, by definition, interstitial to these other categories. In this definition, task management
activities both supervise and support flight management, communications management, and
systems management functions, and provide the underlying mechanism for coordinating
their requirements. Further, task management on the flightdeck requires monitoring,
scheduling, and resource allocation. The scheduling sub-function determines the task
sequence to be executed based on task priority, resource availability, and temporal
constraints. The scheduling sub-function also includes dynamic alterations of task
sequence in response to external cues that trigger the onset of a context-dependent task,
interruption of a new task, or resumption of a pending task. This conceptualization of
flightdeck functions explicitly indicates the role of interruption handling in task
management and the role of task management in the context of other flightdeck functions.
Funk (1996) explicitly extends an earlier conceptualization of cockpit task management
(Funk 1991) to include management of not only tasks performed by human operators, but
functions and goals of adictors on the flightdeck. This extension defines an actor as any



entity capable of goal-directed activity, including monitoring and controlling mechanisms
such as autopilots, flightpath management systems, and automated caution and warning
systems. In a decompositional normative model of flightdeck task management, pilots
actively manage aagenda a set of goals, functions, actor assignments, and resource
allocations (Funk 1996). Major components of Funk’s model include maintaining situation
awareness, managing goals (recognizing, inferring, and prioritizing), managing functions
(activating, assessing status, and prioritizing), assigning actors (goal-directed entities) to
functions, and allocating resourcesq, displays and controls) to functions. According to
this normative model, interruptions are managed by rational consideration of resource
availability and relative task priorities.

Observations in Aviation Incidents and Accidents

Interruptions pose a significant problem on the flightdeck. This section describes evidence
from both incident reports and accident investigations that indicate the incidence and
consequences of interruptions on the commercial flightdeck. Surveys of aviation incidents
are based on voluntary, anonymous pilot reports to the Aviation Safety Reporting System
(ASRS). Accident investigations are conducted by an independent source, the National
Transportation Safety Board (NTSB).

One hundred and sixty-nine, almost 7%, of the 2500 ASRS reports collected to 1979,
referred to an interruption as a significant cause of the reported irfdjieman 1979).

These cases include two categories of interruptioms;operational interruptionsj.e.,

tasks not required for flight operations asykrationalinterruptionsj.e., outcomes of

routine flightdeck tasks that, when performed at inappropriate times, result in excessive
workload. The causes of non-operational interruptions and the number of cases attributed
to these factors are as follows; performing paperwork (7), using the public announcement
system (12), crew member conversation (9), flight attendant conversation (11), and
company radio contact (16). Causes of operational interruptions and the number of cases
attributed to these factors are; checklist performance (22), malfunctions (19), watching for
traffic (16), ATC communications (6), radar monitoring (12), referencing approach chart
(14), looking for the airport (3), monitoring new first officer (10), fatigue (10), and
miscellaneous interrupts (2). Although some of these interruptions are internally-induced,
and therefore do not exactly reflect the type of interruptions examined by the current
research, the incidence of externally-induced interruptions and their consequences of
interruption are clear. In these incidences, interruptions cause several operationally-
significant errors; altitude excursions, lack of cross-check of crew actions, landing without
clearance, mistakenly taking a clearance intended for another aircraft, misinterpretation of a
clearance, unauthorized entry into an active runway, failure to adequately take see-and-
avoid actions, deviations from route, penetration of restricted airspace, failure to reset
altimeter, non-stabilized approach, and an approach to a wrong airport (Monan 1979).

? Monan (1979) describes this phenomenon as distraction, however the nature of the phenomenon he
investigated included not only momentary attentional deflections, but also implied an associated task. For this
reason, this research is considered evidence of the effects of interruptions.
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Results from Monan’s (1979) survey instigated the FAStarile Cockpitrule in 1981

which reads as follows: “No flight crew member may engage in, nor may any pilot in
command permit, any activity during a critical phase of flight that could distract any flight
crew member from the performance of his or her duties or that could interfere in any way
with the proper conduct of those duties [FAR 121.542 (b) and FAR 135.100 (b)] (Barnes
and Monan 1990).” These rules also identify various non-essential flightdeck functions and
define critical flight phases as “all ground operations, including taxi, takeoff and landing,
and all other flight operations conducted below 10,000 feet, except cruise flight (Barnes and
Monan 1990).” Barnes and Monan (1990) verify that not only is the Sterile Cockpit Rule
occasionally broken, but even well after this rule’s installation, pilots continue to cite
interruptions as a causal factor in aviation incidents. They cite partially completed analyses
indicating that 65% of interruptions are due to events central to safe flight, 35% are due to
events peripheral to safe flight, and 5% to social or personal matters.

Turner and Huntley (1991) analyzed 195 ASRS aviation incident reports in an investigation
of checklist usage. Fifty-eight percent of these reports cite interruptions as a causal factor.
Of this 58%, approximately half are due to interruptions of checklist performange (

ATC calls), and half due to the performance of a checklist interrupting an operational task
(e.g, maintaining position in a departure queue). These interruptions result in the following
operational performance effects; exceeding altitude by several thousand feet, failure to reset
the altimeter, and almost departing without retracting a spoiler (Turner and Huntley 1991).
Degani and Wiener (1990) observed commercial pilots using checklists in normal
operations and also found deleterious effects of interruptions to checklists; specifically,
elimination of the vital cross-checking function of one crew-member, disruption of the
checklist’'s sequence, and increased memory load associated with remembering the
interruption position. Interruptions to checklists are so bothersome that pilots adapt
methods for visually representing the resumption point on a cheeklistby placing their
thumb at the interrupted position, by writing down the number of the interrupted item, or by
checking off items as they are performed (Degani and Wiener 1990). Subjects’
development of these adaptive behaviors suggests that pilots perceive interruptions to
checklists as opportunities for performance degradation.

Flightdeck task management errors include: (1) task initiation, early, late, incorrect, lack
thereof ; (2) task monitoring, excessive, lack thereof; (3) task prioritization, high, low; (4)
resource allocation, high, low; (5) task termination, early, late, incorrect, lack thereof; (6)
task interruption, incorrect; and (7) task resumption, lack thereof (Chou and Funk 1990,
1993). Chou and Funk (1993) find 98 cockpit task management errors in 77 accident
reports. The relative percentages of these errors attributable to their cockpit task
management error categories are: task initiation (37.8%), task monitoring (22.4%), task
termination (21.4%), resource allocation (8.2%), task interruption (5.1%), task prioritization

° Chou and Funk (1993) examined a previously-defined set of 324 NTSB reports from years 1960 - 1989 and
eliminated from consideration those reports that were unrelated to the study, for example, those caused by
obvious weather and catastrophic equipment failure.

11



(4.1%), and task resumption (1.0%). Although the percentage of errors attributable to the
task interruption category seems less significant than other forms of human errors in
flightdeck task management, it is important to consider the strict definition of this category
in Chou and Funk’s (1993) scheme. Cockpit task management errors attributed to task
interruption in this scheme are only those that include an inappropriate interruption of an
ongoing event. In the larger context, the effects of an interruption might also instigate
errors of task resumption, task initiation, task termination, and task prioritization.
Madhaven and Funk (1993) collapse the task interruption error category into the task
prioritization category. This modification assumes that task prioritization decisions
determine interruptions, and assumes that an inappropriate interruption results from faulty
prioritization. An analysis of 20 ASRS incident repbascording to the modified task
management error taxonomy revealed 19 task initiation errors, 18 task monitoring errors, 8
task prioritization errors, and 8 task termination errors (Madhaven and Funk 1993).

Summary reports of aviation incidences indicate interruption sources and performance
effects associated of interruptions on the flightdeck, however they do not convey the
potentially catastrophic nature of such effects. A Northwest Airlines aircraft in Detroit
Metropolitan Airport crashed almost immediately after takeoff due to improper
configuration, the trailing edge flaps and leading edge slats were fully retracted (NTSB
1988). One contributing factor in this accident appears to be interruption by ATC
communication during the taxi checklist, which contains an item for flap setting. Only one
of the 155 persons on board this flight survived. If one considers a system failure a form of
interruption to ongoing tasks, the accidents attributed to this problem are even more
pronounced. Several accidents are attributed to crews poorly integrating performance
requirements for handling an interrupting system alert and compensatory actions with other
aviation tasks. For example, on an Eastern Airlines flight, the crew became so engaged in
diagnosing a suspected landing gear malfunction, that they failed to monitor instruments
and did not detect a rapid descent in time to prevent impact (NTSB 1973). Ninety-nine of
the 176 passengers did not survive this accident (NTSB 1973).

Empirical Investigations on Flightdeck Task Management

Although several studies address the more general problem of instrument scanning and
multiple task management on the flightdeck, and many aircraft simulation studies could be
interpretedpost hog for effects due to interruptions in the scenarios, only a few
experimental investigations address the effects of interruptiense and none have yet
explicitly manipulated characteristics of interruptions with this intent. Studies of multiple
task management on the flightdeck indicate, albeit indirectly, the significance of
interruptions and some factors that may affect interruption management on the flightdeck.
Scenarios with interruptions and multiple tasks induce deeper planning in flightdeck crews
than scenarios without these complications (Johannsen and Rouse 1984). Also, task

“ Madhaven and Funk (1993) selected these 20 ASRS reports from a previous compilation of 206 Controlled-
Flight-Towards-Terrain reports and 99 In-Flight-Engine Emergency reports. Reports were selected which
gave evidence of more than one cockpit task management error type.
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prioritization errors increase with the number of concurrent tasks and flightpath complexity
(Chou and Funk 1993).

Wickens and colleagues (Raby, Wickens, and Marsh 1990; Raby and Wickens 1990; Raby
and Wickens 1991) assert that pilots shed tasks in high workload conditions according to
priority assessments as a means of strategically managing workload. Failures in accurately
assessing task priorities may result in inappropriate task interruption or resuroption (
Madhaven and Funk 1993). In addition to task priority, Segal and Wickens (1991) propose
six factors that they hypothesize might affect the probability that a pilot irrationally pre-
empts an ongoing task for another task. These factors include: (1) task modality, auditory
tasks are more likely to pre-empt ongoing tasks than visual tasks (Keaalet991;

Wickens and Liu 1988); (2) task salience, tasks whose triggering events are loud, bright, or
dynamic will be more likely to pre-empt, (3) task difficulty, easier tasks may be more likely
to pre-empt ongoing activity than more difficult ones; (4) task performance time, tasks that
can be performed rapidly may be more likely to pre-empt than those anticipated to take
longer; (5) task arrival-time, recently-arrived tasks may be more likely to pre-empt ongoing
tasks (Segal and Wickens 1991). The context created by the set of tasks serves as the
foundation for determining relative levels of salience and difficulty (Segal and Wickens
1991). Although these factors are suggested to influence pilots’ propensity for switching
among a set of already ongoing tasks, these may be extended to influence the probability of
switching from an ongoing task to an interrupting task. These factors, suggested as
hypothetical influences on multiple task management, are not systematically experimentally
tested.

In summary, Wickens and his colleagues’ work indicates the relative difficulty of flightdeck
operations during multitasking scenarios and indicates specific factors affecting task
management behavior. These factors include; operator characteresticsirrent and

projected workload levels, and assessment of task and environmental characteristics; task
characteristicg,e., priority, modality, salience, difficulty, performance time; and
environmental characteristids., predictability and temporal constraints. These studies
demonstrate or propose factors pertinent to flightdeck multiple task management in general.
They are presented here as potentially influential factors for predicting interruption
management in particular.

Empirical Research on Interruptions to Flightdeck Tasks

Despite the potential consequences and incidence of flightdeck interruptions, it is surprising
that only two studies directly address their effects experimentally. One study addresses the
effects of interruptions on checklist usage.(Linde and Goguen 1987) and another
investigates the effects of datalink interruptions to FMS/CDU tasksWilliams 1995).

The purpose of these studies is to evaluate how pilots perform procedures and use
equipment when interrupted. However, neither of these studies focus on the characteristics
of interruptions or their relationship to the interrupted task context, nor do they
experimentally manipulate interruption conditions. This section reviews these studies for
evidence of factors that influence interrupted task performance on the flightdeck.
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Interruptions and Checklist Usage

Airline training programs typically suggest that a checklist should not be initiated until it
can be executed without interruption from other activities (Linde and Goguen 1987; Degani
and Wiener 1990). If a radio transmission occurs during checklist performance, the crew is
to ignore it until the checklist is done. If a checklist must be interrupted, an explicit hold
should be placed in the checklist by saying “Hold it at (name of checklist item).” When the
captain says “Continue the checklist,” checklist performance resumes at the point of
interruption. Whereas Turner and Huntley (1991) and Degani and Wiener (1990)
demonstrate specifically the deleterious effects of interruptions to checklists, Linde and
Goguen (1987) evaluate whether expert-ratings of crew quality, that is safe performance,
are associated with interrupted checklist performance. They use a subset of flight
simulation data from a separate experiment (Mumgthgl. 1984) in which 16 crews flew a

full mission scenario, including weather and equipment problems. Expert pilots rated 14 of
these crews on overall safety of performance. Linde and Goguen (1987) determine if the
most safe 7 crews could be distinguished from the least safe 7 crews by their performance
on linguistically-defined variables of checklist performance.

Linde and Goguen (1987) demonstrate the following results. Although crews are trained to
ignore interruptions until a checklist is complete, pilots actually pre-empt, on average, 28%
of interrupted checklists. High continuity ratios (the number of checklist speech acts
divided by the total speech acts during checklist span) are desirable, and are demonstrably
associated with the safer crews. The total number of interruptions per checklist does not
distinguish between safe and less-safe crews. Effective cockpit resource management
(CRM) dictates that the pilot who is flying should call to resume interrupted checklists.
However, pilots responsible for flying resume interrupted checklists with roughly the same
frequency in both groups of crews. Flight engineers resume most, 63%, of the checklists in
both safe and less-safe crews. Explicit holds are rarely used, but the only two crews who
did use explicit holds were two of the three best crews. Crew quality is associated with the
length of the interrupt, but neither the definition of this measure, nor the magnitude or
direction of effect are obvious.

Linde and Goguen’s (1987) conducted this research to identify the potential of linguistic
measures to more sensitively evaluate checklist performance and indicate overall crew
safety. Although not the central focus of the present study, their results provide evidence of
the effects of interruptions on the flightdeck. That pilots sometimes respond to

interruptions counter to their checklist and CRM training suggests that intrinsic
characteristics of the interruption or interruption position make some interruptions more
destructive to flightdeck performance than others. Linde and Goguen (1987) discuss the
limitations of training to mitigate effects of checklist interruptions in light of the fact that,

for some interrupting conditions, none of the observed crews adhered to the procedure to
not interrupt checklist performance.
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Datalink Usage and Interruptions

Datalink technology provides a means of communicating between air traffic control (ATC)
and flightdecks beyond the current radio/telephone medium. While the concept of datalink
communication is not new, increasing radio frequency congestion and technological
advancements have spurred increased development of datalink in recent years. Datalink
allows digital communication between these two system elements, and therefore provides
the opportunity to present visually what is currently aurally-presented information to the
flightdeck. As many ATC communications interrupt ongoing flightdeck activities,
comparisons of datalink communication and radio communication suggest the importance
of interruption modality in interruption management performance.

Most of these comparisons are based on measures of response-time to messages, total time
spent communicating, number of communication transactions, and subjective measures of
workload and operational acceptability (Kerns 1990). A synthesis of 15 datalink simulation
studies, using a variety of interface implementations, finds that; on average, pilots require
approximately 10 seconds to read and acknowledge a datalink message and that pilots more
rapidly acknowledge datalink messages than radio calls (Kerns 1990). These studies also
demonstrate that datalink qualitatively changes pilot / ATC communication and, although

no overall workload difference is universally observed, it significantly alters the distribution

of workload compared to radio communication. These are only general results; pilot
performance is likely affected by the different datalink interface implementations and
scenario conditions used in these studies. For example, two studies found that mean
response times appear to decrease with altitude and distance to runway (Diehl 1975; Waller
and Lohr 1989). It is therefore, difficult to directly ascertain the effects of interruption
modality on interruption acknowledgment times or workload effect from these studies.

This previous research, however, does not consider ATC messages as interruptions to
ongoing flightdeck activities and therefore does not consider the larger question of how
differences in datalink and radio communication might influence not only interruption
acknowledgment time, but measures associated with integrating this interruption and
propagation effects of an interruption so induced. One comparison (Williams 1995) of a
display-shared datalink system and radio communication differs from other datalink
investigations by recognizing ATC messages as interruptions to ongoing tasks and
considering resumption time as a dependent measure. The datalink system shares the
control/display unit (CDU) with that used by the flight management system (FMS). This
investigation compares performance of other routine tasks requiring the FMS when ATC
clearances are issued visually, on the FMS/CDU datalink, to performance when ATC
clearances are issued aurally, by radio. Ten crews perform a full mission scenario that
includes a diversion to an alternate airport due to equipment malfunction, and therefore
many opportunities for ATC communications. Pilots’ performance with datalink and radio
communications were characterized by measures of; total number of FMS/CDU button
pushes for normal and non-normal flight operations, communication procedure changes,
differences between pilot-flying and pilot-not-flying, the number of interruptions occurring
to FMS/CDU tasks, and the time to resume after an interruption. The incidence of
interruptions and the resumption time after an interruption were determined from videotapes
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of the scenarios. Observed interruptions were classified according to: (1) the type of task
they interrupted (briefings, normal FMS/CDU operations, checklists, other communications,
and miscellaneous), and (2) the crew member interrupted (pilot-flying, pilot-not-flying,
both).

The modality of ATC clearances does not affect the number of FMS/CDU button pushes
associated with normal or non-normal operations, nor does it affect the propensity for
interruption. Modality does affect, however, the resumption time from interruptions;
resumption after a datalink interruption takes longer than after a radio interruption. The
propensity for interruption is also significantly associated with crew member and task type.
Results suggest that pilots adhere to cockpit resource management (CRM) strategy to
protect the pilot who is flying from interruptions but if both pilots become engaged in the
interruption, contradicting CRM training, resumption times are significantly longer.
Resumption times are particularly extended if both crew members are engaged in a datalink
interruption. Although interrupted task type significantly predicts propensity for
interruption, no causal effect is clear since interruptions were not experimentally controlled
to interrupt certain task types. This factor is included in recognition that the characteristics
of interrupted tasks might be significant, but does not explain differences in propensity for
interruption among the task types or include interrupted task type in analysis of resumption
times (Williams 1995).

The goal of the above experiment is to evaluate performance effects of competing interfaces
in a relatively realistic scenario and consider, in particular, effects on FMS/CDU usage.
Toward this end, these results provide mixed evidence, for the viability of a FMS/CDU
implementation of datalink and suggests further research is required, specifically to determine
the consequences of increased pilot-flying interaction and resumption delays imposed by the
datalink implementation. These results provide more generally-useful evidence for
understanding interruption management. Interruption modality significantly affects
interruption resumption time and some interruptions can cause crew members to depart from
CRM practices (Williams 1995).

Summary

Prior to the present study, Linde and Goguen’s (1987) and William’s (1995) work defines
the status of research experimentally addressing the effects of and factors influencing
interruptions on the flightdeck. Their work, in conjunction with observations of flightdeck
interruption consequences and incidence, indicates the necessity for expanding this line of
research to a more controlled, intentionally-manipulated experiment of hypothesized
influential factors on flightdeck interruption management. This research experimentally
investigates several specific hypothesized effects of interruptions on a commercial
flightdeck in a simulated environment.

More generally, the current state of investigation of interruption management suffers from
three fundamental problems. First, few studies exist that explicitly attempt to identify the
degree to which, task, environment, and operator characteristics degrade performance,
particularly in operational environments. Second, reviewing the handful of studies that
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directly relate to interruption management, makes obvious that there is no common
perspective on what interruption management is; what processes it involves, what forms it
might take, and how interruptions may affect ongoing tasks. Third, although there are few
studies that specifically address this phenomeaesrse much research contributes useful
perspectives on this phenomenon. However, these separate perspectives have not been
identified and interpreted in terms of interruption management. | present a theoretical

approach of interruption management as an initial contribution towards eliminating these
deficiencies.
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3. A Theoretical Approach to Interruption Management

| propose a theoretical model of interruption management based on basic research and
previous research on interruption management. With the provision of this theoretical
foundation, future investigations of interruption management, such as the empirical
investigation herein, may better address the first issue noted above.

A Model of Interruption Management

This theoretical human information processing model formalizes interruption management
behavior. This formalization enables definition of specific interruption management
behaviors and their effects on ongoing tasks. Further, the model provides a structure for
organizing basic research theory and empirical results for the purpose of better
understanding the nature and effects of interruptions. Prior to presenting the model, |
discuss the interrupted task paradigm for which the model was developed, present the
information processing constructs employed by the model, and describe constraints of the
model.

Interrupted Task Paradigm

The proposed model assumes certain ongoing and interrupting task and environmental
characteristics. These assumed task and environmental characteristics are also incorporated
into the experimental scenarios of the empirical investigation. Specification of ongoing and
interrupting task characteristics affords a more specific model, but also limits its
generalizability to a subset of realistic interruption situations.

Characteristics of the Ongoing Task Set.

The ongoing task set is a finite series of familiar, discrete tasks, heretofore referred to as the
ongoing procedure The ongoing procedure can be characterized as a goal-hierarchy and
includes strict sequential constraints on constituent task performance. Tasks are said to be
composed of activities, which are at the keystroke level. The ongoing procedure requires
controlled processing for execution and therefore, this model does not apply to interruption
of automated ongoing task se¢sq, Schneider and Shiffrib977; Shifrin and Schneider

1977). Nor is it applicable to continuous control or monitoring processes, or simple,
repetitive tasks with unspecified terminating conditions, because the definitive
interruptability of these processes is questionatiléddams, Tenney, and Pew 1991,

Lewin 1926, 1951; Miller, Galanter, and Pribram 1960). Once interrupted, ongoing
procedures are assumed to be resumable from the interruption position.

Characteristics of the Interruption

Interruptions are familiar and, although not incongruous with general expectations of a
scenario, are not necessarily expected and are temporally non-deterministic. Interruptions
comprise an annunciation stimulus and an associated interrupting task that must eventually
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be performed. The annunciation stimulus performs two functions. It servesgaoé
environmental change to the operator, sigthalsthe associated interrupting task

performance requirements (Rasmussen 1986). As interruptions are familiar, annunciation
stimuli are readily interpreted to identify the interrupting task and associated performance
requirements, obviating the need for complex diagnosis and response planning. The
interrupting task is at the same level of tasks of the ongoing procedure and also requires
controlled processing. The occurrence of an interruption to the ongoing procedure does not
affect the performance requirements of the procedure. Interruptions are not concurrent.
While multiple and concomitant interruptions might be conceived of as overlaying depicted
processes, this circumstance is not explicitly considered for purposes of clarity.

Ensemble Task Set Characteristics

This interrupted task paradigm assumes that operators intend to perform all tasks in the
ongoing procedure and the interrupting task. The complete set of performance requirements
includes both performance requirements of the ongoing procedure and the performance
requirements of the interrupting task. In total, | refer to these performance requirements as
theensemble task seEinally, ensemble tasks exist in an environment that requires regular
situation monitoring and assessment and that may impose stress on ensemble task
performance. Specifically, if a deadline condition exists for the ongoing procedure,
interrupting tasks to that procedure must also be performed within that deadline.

Form of the Model

Most basically, interruption management entails, detecting the annunciation stimulus,
interpreting the stimulus in terms of the interrupting task performance requirements, and
integrating the interrupting task and the ongoing procedure tasks for performance. The
model further embellishes on this simple behavioral description by presenting familiar
abstractions of mental processes involved in interruption management. These abstractions
are: perceptual processors; sensory, working, and long-term memory stores; plans and
intentions; mental operators; and attentional resources.

These simplified definitions suffice for the purpose of introducing the processing stages of
this interruption management modé&erceptual processoréilter the overly abundant
environmental sensory array to transfer salient stimuli to a volséifesory memoryhat
veridically represents the stimulus. These processes and initial storage do not require
attention resourcesNorking memorycontains information actively used at the moment. It
can contain either attended sensory memory information or retrieved information from
long-term memory. Working-memory is code-specific and requires attention resources to
maintain. Long-term memorycontains abstract representations of declarative and episodic
knowledge. Transfer to and retrieval from long-term memory requires working memory
and attention resources. These three memory stores can alternatively be described, not as
bins, but memory that is “activated” to lesser degreags Cowan 1993; Anderson 1983)

by attention resources. According to this description, information in the current attention
focus is the most activated subset of working memory, working memory is the most
activated subset of long-term memory, and activation level depends on recency of and
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relevancy for use. Alan is taken to be a memory-resident decompositional goal

hierarchy, from a most abstract goal to action specifications that guides behavior for the
ongoing procedure in this model’s structured task environmatgntions are an abstract

notion implying the goal-directed nature of cognition and can be conceived of as a
motivational force for completing a plan, or, alternatively, as a working memory
representation of plan progreddental operationsserve, conceptually, as an interface

among processors for the purpose of problem-solving and decision-maljnghoice

selection and response planning. Problem-solving and decision-making are attention and
working-memory intensiveAttention is an abstract notion of a limited, and, to some

degree, differentiated, divisible, and directable resource required in varying amounts for
intentional environmental sampling, controlling goal-directed behavior, maintaining,
translating, and accessing memory representations, executing controlled response plans, and
conducting mental operations. Proposed mechanisms underlying these human information
processing features are presented more fully in the context of reviewing basic theory and
research supporting the interruption management model.

Constraints of the Model

The interrupted task paradigm constrains, to some degree, the application of the interruption
management model. Therefore, some naturally occurring interruption situations may not
generalize directly from the interruption management model presented here. The proposed
model is also limited in that it does not describe a validated psychological process. Rather,
the purpose of this interruption management model is to provide a parsimonious description
of information processing stages involved in interruption management, to describe
interruption management behaviors and effects on ongoing task performance, and to offer
insight into factors that might influence interruption management performance. This intent
constrains usage of the model, and the situations to which it generalizes.

In order to structure the discussion of relevant basic research, the model casts interruption
management as a high-level information processing stage model with attention resources
(Massaro and Cowan 1993). It assumes certain components of a cognitive architecture as a
means for discussing generally-accepted characteristics of human information processing. It
does not suggest that the mechanisms described are the singlddacto, preferred means

of explaining observed behavior. Nor does it presuppose any particular representation of
these processesTherefore, it claims not to identify underlying mechanisms of mental
processes but rather considers these as intervening variables that are useful for describing
potentially important distinctions in interruption management behaviors (Van der Heijden and
Stebbins 1990). This model depicts the flow of an interruption from its occurrence to re-
stabilization of ongoing task performance. It depicts interruption management as sequential
stage processing. More likely this is a more continuous proeggsHriksen and Shultz

1978; McClelland 1979) and includes feedback and feedforward mecharigmisdftus

and Mackworth 1978).

° For a cogent discussion of the implications for representing interruptability in symbolic, connectionist, and
hybrid computational models of cognition, see Cooper and Franks (1993).
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Formalizing Interruption Management

A stage model formalizes the process of interruption management (Figure 3.1). | first
describe the processing stages of the interruption management stage model. Formalization
of the interruption management process identifies distinct effects an interruption may have
on the ongoing task. | then define four general effects interruptions may have on the
ongoing procedure and describe these effects in terms of their loci in the model.

Interruption Management Processing Stages

The stages of interruption management include: interruplgdection interruption
interpretation interruptionintegration and terminate with continued ongoing task
performance.

Interruption Detection

Operators are engaged in an ongoing procedure prior to the arrival of annunciation of an
interruption. Initial conditions of the model propose that activated memory contains
representations associated with the ongoing procedure, and, in particular, those associated
with the current task. At the first stage of the model, an annunciation stimulus heralds the
interruption. If this stimulus is salient enough to overcome sensory thresholds, it is stored
in short-term sensory stores for further processing. This processing stiagecison of the
annunciation stimulus.

Interruption Interpretation

Successful detection directs attention to the annunciation stimulus for further processing.

By mapping the annunciation stimulus to representations in memory, the operator translates
the annunciation stimulus to a working memory representation of the interrupting task in
terms of its performance requirements. This translation is defined imetpretationof

the interruption annunciation. Working memory now supports both representations
associated with the ongoing procedure, specifically the interrupted task, and the
interruption.

Interruption Integration

Given that the annunciation stimulus is correctly interpreted in terms of the interrupting

task’s performance requirements, the next stage reqaieggation of these additional
performance requirements with those previously defined by the ongoing procedure.
Integration includes sub-stages of ongoing f@&emptioninterruption
performance/schedulingind ongoing taskesumption Preemptionrmay occur

spontaneously or may result from a deliberate weighing of performance benefits associated
with performing the interruption against costs of continuing the interrupted task. To a

lesser degree, this deliberate consideration is a preemption of sorts, as it draws attention and
computational resources. Interruptiperformancemay occur as a direct result of
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preemption, or may be deliberately delayed seftedulednto the future task requirements.
After either performing the interruption or actively scheduling its performance, the operator
identifies theresumptiornpoint in the interrupted task and continues its performance.

Effects of Interruptions on the Ongoing Task

The model identifies four general effects of interruptiaigersion distraction

disturbance anddisruption (Figure 3.2). This section describes these effects in terms of

their loci in the interruption management model. Definition of these effects leads directly

to dependent measures of interruption management, which are presented here conceptually
and defined operationally in terms of this experiment in section 5.6.

After detection of a stimulus, the operatodigerted from the ongoing procedure.

Detection of the annunciation stimulus implies that attention is directed away from its
current focus, and sensory apparatus may also be redirected. Additionally, less attention is
available for previously ongoing processes. If the operator’s attention remains directed to
the annunciation, it is interpreted; that is, translated into the associated interrupting task
performance requirements, and the operator is said to be, additioistigicted from the

ongoing task. Interpretation requires attention resources to retrieve, or activate, long-term
memory representations of the interrupting task; requires representation in working memory;
and requires attention resources to maintain this working-memory representation. Capacity
limitations and differentiation of these resources may result in deleterious effects. These
effects are here defined as effects induced by the interruption. If the operator integrates the
interruption, progress on the ongoing proceduistirbed Integration imposes additional
attention and working memory requirements associated with preemption and resumption of
the interrupted position. The execution of interruption response plans, and the process of
scheduling when the interruption will be performed require attention and working-memory.
Disturbance effects refer to those localized to preemption of the ongoing procedure,
performance or scheduling of the interrupting task, and resumption of the ongoing
procedure. Interruptions may also propagatditoupt future performance on the ongoing
procedure. Disruptions are deleterious effects due to previous diversion, distraction, and
disturbance effects.

While the terminology for interruption effects on the ongoing procederediversion,
distraction, disturbance, disruption, have negative connotations in general parlance, the
model does not imply a value judgment for attending to an interruption rather than to the
ongoing task; that assessment is incumbent upon the operator following annunciation
interpretation. The relative costs of these effects must be balanced with benefits of
processing and performing the interrupting task.

Measuring Effects of Interruptions

Diversion indicates only that the operator has oriented perceptual mechanisms to the
annunciation stimulus, has determined that that facet of the sensory environment is
deserving of further processing. Diversion, therefore, may be indicated by such measures as
EEG excitation and eye movement latencies. Distraction, a momentary deflection of
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attention from ongoing activities to interpret the interruption annunciation, may be
indicated by measuring reaction time to comprehending the annunciation stimulus’ task
requirements. Disturbance effects are due to the efforts imposed by immediately
performing or determining future performance of the interrupting task. Measures that
indicate the degree to which an interruption disturbs the ongoing procedure at the point of
interruption include time latencies to begin the interrupting task and to resume the
procedure following interrupting task performance, errors in performing the interrupting
task, and unnecessary compensatory actions prior to resuming the ongoif) task (
Kirmeyer 1988). Finally, interruptions potentially disrupt the ongoing procedure as a result
of the propagating effects of diversion, distraction, and disturbance. Measures that address
these effects on the ongoing procedure as a whole may include the time to perform the
procedural and interrupting task requirements, errors in the interrupted procedure, and
unnecessary compensatory behaviofsirmeyer 1988) during the interrupted procedural
interval.

A Framework for Relevant Research Perspectives

The proposed stage model of interruption management is useful for defining the effects of
interruptions. This model also identifies basic research perspectives relevant to the study of
interruptions. These research perspectives can suggest factors that may influence
interruption management. In the following sections | describe research perspectives and
their association with the model stages. Although a complete review of these perspectives
is beyond the scope of this project, this section identifies these perspectives and describes
some of their theoretical and empirical implications for interruption management,
specifically focusing on factors that are experimentally investigated in the following
simulation study.

Detection and Sensory Information Processing

Initially, unexpected interruptions must be detected, or attended to, to begin the interruption
management process. Attention resources can be directed to environmental defined
elements either involuntarily or intentionally.g. Muller and Rabbitt 1989; Remingt@t

al. 1992; Folket al.1992). Attention may be captured by external stimuli, or intentionally
directed to elements of the perceptual array in response to statistical regularities in the
environment€.g, Moray ,1986; Bohnen and Leermakers 1991). These two mechanisms
for obtaining environmental information are also know as, exogenous and endogenous
attention control (Posner 1980). These two mechanisms are also known as bottom-up, or
stimulus-directed; and top-down, or goal-directed, respectively (Yantis 1993).
Alternatively, these mechanisms may be considered as failures in focused attention, and
selective attention switching, respectivaty. Wickens 1984).

Pre-attentive processes define locations and/or objects in the perceptuad.grray (
Treisman and Gormican 1988) to which they exogenously direct attention for more
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complex, interpretive processing.q, Folket al. 1992). Factors that induce exogenous
attention control determine the ability of the annunciation stimulus to divert attention from
ongoing processes. Signal detection theory (SDT) can model this process as the ability of
these pre-attentive processes to distinguish an important stimulus, here the annunciation
stimulus, in a surrounding stimulus environment of noise. Signal detection theory
emphasizes that the probability that an operator will detect an annunciation stimulus is
determined not only by physical characteristics of the annunciation stimulus, but its
salience relative to the surrounding sensory context, and characteristics of the operator.
Stimulus characteristics found to exogenously, or involuntarily, redirect focused attention
include; use of the auditory rather than visual modatity,(Nissen 1974; Posnet al.

1976; Stanton 1992); abrupt changes in stimulus attributes, specifically changes in
luminance é.g Muller and Rabbit 1989; Posner 1980); proximity to previous attentional
focus €.g.Posner, Snyder, and Davidson 1980). Characteristics of the operator related to
the ability of a stimulus to exogenously capture attention include; individual-specific
thresholds for stimulus attributesg, intenstity, duration, wavelength (Posner 1980);
operator functional visual fielde(g, Balota and Rayner 1991); operator perceptual style,
I.e,, field-dependences(g, Braune and Wickens 1986); the operator’s active inhibition of
external stimuli €.g, Fox 1994); and resource-priming (Wickens 1984). Arousal theory
suggests that environmental stressors increase arousal, effectively reducing attention
resources for attending to external stimalg(, Hamilton and Warburton 1979; Sheridan
1981). Thus, physical properties of an annunciation stimulus and characteristics of the
operator influences the probability that the annunciation stimulus succeeds in exogenously
capturing an operators attention and permits further interruption processing.

Working Memory Manipulations

In terms of the previously-described interrupting task paradigm, an annunciation stimulus
occurs while the operator performs an ongoing procedure. Prior to an interruption, active
memory contains those knowledge structures relevant to this procedure, and to a greater
extent those relevant to the current task. Interpretation of an annunciation stimulus requires
that knowledge structures associated with it are active, or resident, in working memory.
The process of retrieving, or activating, the interruption’s knowledge structures requires
attention. Four characteristics relate to the demands imposed by an interrupting task’s
working memory representation. First, working memory is capacity-limited. Second,
working memory representations are not self-sustaining. Third, working memory
representations are code-specific. Fourth, the attention required to access knowledge
structures is inversely related to the degree to which they are already resident in working
memory, or activated in memory. These characteristics and their implications for
interruption management are described below.

Capacity Limitations

Capacity limitations of working memory can be discussed by considering working memory
as a storage bin with a limited number of slots. Miller (1956) originally defined the
limitations of working memory span as 7 (+/- 2) chunks of information, given full attention
resources (Wickens 1984). Chunks of information are defined by associations in long-term

26



memory and refer to the level of abstraction at which the information is meanicfgful (

Chase and Ericsson 1981). In contrast to the storage bin analogy, cognitive network models
of memory represent working memory capacity limitations as a limitation of activating
resources (Just and Carpenter 1992). Representation of an interrupting task in working
memory competes for “space” or “activation” with representations related to the ongoing
procedure. Interruptions associated with different knowledge than that required by the
interrupted task may displace their associations, increasing the likelihood of forgetting a
critical element of ongoing procedure performance (Adams, Tenney, and Pew 1995;
Detweiler, Hess, and Phelps 1994).

Volatility

Numerous studies indicate that working memory contents decay in the absence of attention
rehearsal. Retention for items represented in working memory is essentially non-existent
after 20 seconds without rehearsal (Brown 1959; Peterson and Peterson 1959), and little
information is available beyond 10-15 secorelg(Moray 1980). Retention interval

length is inversely related to the number of items in working memory (Melton 1963).
Cognitive network models of memory describe the volatility of working memory as a loss

of activation (Detweiler, Hess, and Phelps 1994). Thus, the number of pre-existing items in
working memory has implications for the retention interval of interruption-related
information if no rehearsal is possible. Similarly, the addition of the interruption reduces
the retention intervals of pre-existing items related to the ongoing procedure. Finally, if
interruption performance or scheduling requires longer than 20 seconds and does not permit
attention rehearsal of working memory contents, representations associated with the
interruption position in the ongoing procedure may decay, making procedure resumption
more difficult (Detweiler, Hess, and Phelps 1994).

Interference

The implications of working memory capacity-limitations and volatility apply irrespective

of the form or semantic content of the information represented. Retention intervals
decrease if newly added representatiantgypolated material, are similar to the pre-

existing working memory representationspoe-load Interference effects result when
interpolated and pre-load materials are similar in terms of memory doglepltfonetic,

visual, semantic) (Wickens 1984Retroactive interferenceesults if a similar

representation intervenes between encoding the pre-load representations and retrieving
them for used.g, Underwood 1957). The effect pfoactive interferenceaccumulates

when similar items are presented serially without adequate separation, and interpolated
materials interfere with encoding of pre-load materials (Wickens 1984). Results of
interference studies form the basis of limited-capacity, differentiated resource models of
attention and memorg.g, Multiple Resource Theory (Wickens 1984) and suggest that
tasks are better timeshared when they require different memory codes. For example, pairs
of targets presented in two different sensory modalities are better detected than targets
presented either both visually or both aurally (Treisman and Davies 1973; Rollins and
Hendricks 1980). Network architectures of cognition characterize interference as the result
of a redistribution of activation strengths and therefore degraded representations (Detweiler,
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Hess, and Phelps 1994). If an interruption activates knowledge representations
incompatible with those previously in active memory, the representations may combine in
such a way to result in increased processing time, and / or confusion (Adams, Tenney, and
Pew 1995).

To the extent that an interruption engages the same resource codes utilized by the
interrupted ongoing task, the interruption will degrade performance of that task (Liu and
Wickens 1988). Interruptions that require coding resources similar to those already
entertained in working memory will interfere more, and cause shorter retention times than
interruptions requiring different coding resources. As an example, a visually-presented
interruption should be less interfering to an ongoing auditory task than an auditory
interruption.

Memory Retrieval

Interference effects derive from code similarity among items represented in working
memory and suggest that similar representations degrade retention of working memory
items. Content similarity, however, facilitates memory access. Adams, Tenney, and Pew
(1995) describe this effect and implications for interruption management in terms of
Sanford and Garrod’s (1981) theory of text comprehension.

Sanford and Garrod (1981) describe two types of menagtiye andlatent Active

memory is that portion of the operator’s long-term memory that is primed for use in the
current situation. Latent memory is the remainder of the operator’s long-term memory.
Active memory contains two bins; memory that is in explicit focus (EF), and memory that is
in implicit focus (IF). The contents of explicit focus can be considered working memory.
Explicit focus has the following properties. It operates as a fixed-capacity cquieMdlér

1956) containing pointers to knowledge structures in long-term memory. Attention is
required to maintain EF. Further, maintenance of any EF pointer is a function of its
relevancy for the task at hand, and the recency of activation (Adams, Tenney, and Pew
1991). Implicit focus encompasses the full representation of the situation that is partially
represented in EF. Access to information in IF is slower and must be more directly-
addressed than to that in EF (Adams, Tenney, and Pew 1991). Sanford and Garrod (1981)
describe latent memory as composed of two bins: long-term episodic memory and long-
term semantic memory. With respect to multiple-task management, long-term episodic
memory contains a complete record of the knowledge structures that have been constructed
or accessed in the course of the current mission (Adams, Tenney, and Pew 1991). Long-
term semantic memory contains the lifetime accumulation of knowledge in general.
Knowledge structures residing in latent memory can be accessed only given considerable
effort or strong external cueing, however episodic memory is more easily activated than
more cognitively-remote semantic memory (Adams, Tenney, and Pew 1991).

Based on this model of memory, Adams, Tenney, and Pew (1991, 1995) predict
characteristics that influence interruption management, related to the interpretation of
annunciation stimuli: (1) Interrupting events are most easily assimilated that directly map
to the knowledge resident in explicit focus for the ongoing task. (2) Events related to the
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ongoing task, but not to that aspect of it in process, are also handled relatively easily
because they refer to knowledge that is active in implicit focus. (3) If an interruption is not
related to those knowledge structures primed by the ongoing task, and requires additional
long-term memory addressing, the probability and effort associated with proper processing
depends on factors such as, the saliency of significance and the time available for
interpreting significance. In summary, Adams, Tenney, and Pew’s (1991, 1995) points
generally propose that interruption management is facilitated to the degree that the
interrupting and interrupted (ongoing) task are conceptually similar, that is, refer to and rely
on the same knowledge structures. This supposition is consistent with spreading activation
theory for network models of memory (Anderson 1983) and with empirical evidenge (
Meyer and Schvaneveldt 1971).

Intentions and Working Memory

Two theories from motivational psychology suggest conditions under which an interruption
is most easily integrated with an ongoing procedure and mechanisms underlying task
preemption and resumption; Lewin’s field theory (1926, 1951) and Miller, Galanter, and
Pribram’s (1960) cognitive theory of intentions. These theories are based on a vast
collection of empirical work initially established by Zeigarnick (1927) and Ovsiankina
(1928) (see section 2.1.3). This section briefly presents and contrasts the above theories.
Adams, Tenney, and Pew (1991, 1995) assimilate these theories into their cognitive
framework of multiple task management. Their framework, as does the proposed model of
interruption management, assumes goal-directed behavior that can be represented in as a
hierarchical plan, although it also assumes that operators are reactive to their environment.
The implications Adamest al. (1991, 1995) derive for interrupted task management are
discussed.

Lewin’s (1926, 1951) field theory of task tension presumes no cognitive mechanism.

Rather, it proposes that organisms tend toward a state of equilibrium, of homeostasis, at the
lowest level of tension. Once a task is begun, the requirements to perform the task are
consideredjuasi-needsand the set of these are considerézhaion systemLewin (1926,

1951) proposes that as long as a task remains unfinished, it represents a system under
tension, tension that can only be dispersed upon task completion. If activities required for
task completion are not permitted, the quasi-needs are not fulfilled, and the system remains
under tension. It is this tension, then, that compels recollection of uncompleted tasks and
the intention to resume interrupted tasks. Miller, Galanter, and Pribram (1960) impose a
human information processing model on Lewin’s theory to clarify the concept of an

intention These authors first define the set of ongoing taskgpla“any hierarchical

process in the organism that can control the order in which a sequence of operations is to be
performed (p. 16) (italics omitted).” To execute a plan, it must be brought into active
memory (Miller, Galanter, and Pribram 1960). If interrupted during execution, the
representation of an index to remaining activities remains resident in active memory. This
activated pointer in working memory then motivates improved recollection and the desire to
resume an interrupted task.
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Miller, Galanter, and Pribram’s (1960) cognitive theory provides an information processing
interpretation of Lewin’s (1926, 1951) motivational theory. Although these two
interpretations are consistent in their prediction of behavior in most cases, conflicts arise
when Lewinian theory would assume the establishment of a tension system, when an
external representation of plan progress obviates the need for an internal representation to
index progress. Both theories predict that interruptions in simple, repetitive, continuous
tasks €.g, stringing beads) would not compel recollection, or resumption following an
interruption (Adams, Tenney, and Pew 1991). Lewinian theory suggests that this is because
continuous tasks do not establish a tension system and that because there is no
distinguishable structure to, or endpoint of, a continuous task; interruption is simply a halt
to ongoing performance. According to Miller, Galanter, and Pribram (1960), continuous
tasks do not require a plan, and therefore are not hierarchically represented in active
memory. Thus, there is no residual intention to complete or recall the interruption. When
such a task has an endpoint, howeeeg,(to string a certain number of beads), Miller,
Galanter, and Pribram (1960) suggest that a representation of the uncompleted task compels
recollection and resumption. Lewin’s (1926, 1951) theory also predicts this outcome,
because since the task is now interruptable, a task-tension system develops. However,
empirical results do not always indicate this effect (Zeigarnick 1927). Zeigarnick (1927)
explains these results, based on Lewinian theory, by suggesting that because the
interruption point in this type of task is arbitrary, a tension system does not develop and
subjects are unlikely to recall the interruption point or resume the task. When a task has an
externally-obvious endpoint, rather than one internally maintamed 1o string all the

beads provided) these theories predict different results. As in the previous case, Lewinian
theory assumes construction of a tension system that compels recollection and resumption
of the interrupted task. In contrast, Miller, Galanter, and Pribram (1960) suggest that,
because requirements for task completion are represented externally, no internal
representation exists and thus recall and resumption of the interrupting task are not likely.
Ovsiankina’s (1928) results support the Lewinian position and Bechtel's (1965) results
support the cognitive theory’s position (Van Bergen 1968).

Adams, Tenney, and Pew (1991, 1995) extend these theories of intentions and motivation in
their cognitive framework of multiple task management. First, consistent with Miller,
Galanter, and Pribram (1960), they assume that an active memory representation exists to
guide performance. However, rather than assuming that only index information is
represented; as in Miller, Galanter, and Pribram (1960); Adams, Tenney, and Pew (1991,
1995) assume that the entire mission of a multiple task management situation is in activated
memory. Further, they assume that the particular activity engaging the operator resides in
explicit focus, and goal-related knowledge, less closely-related to the immediate task
resides in implicit focus (Adams, Tenney, and Pew 1991). This is consistent with Lewinian
theory which assumes that mission initiation raises activation of all information related to

its performance (Adams, Tenney, and Pew 1991).

Both Adams, Tenney, and Pew (1991) and Miller, Galanter, and Pribram (1960) predict that
interruptions will be more tolerable on completion of a currently active task, because the
contents of explicit focus (or short-term working memory) are being closed and replaced,
implying that the level of the goal hierarchy at which the interruption takes place has

30



implications for effects of an interruption (Adams, Tenney, and Pew 1991). Miller,

Galanter, and Pribram (1960) predict only whether or not there will be an effect, depending
on the existence or lack thereof of an internal index representation. For example, if an
operator is asked to perform five discrete tasks, both the cognitive theory of intentions
(Miller, Galanter, and Pribram 1960) and the cognitive framework of multiple task
management (Adams, Tenney, and Pew 1995) predict that, if interrupted within one of these
tasks, the operator would remember the interrupted task and attempt to resume it (Adams,
Tenney, and Pew 1991). If the interrupt occurs between the second and third task, Miller,
Galanter, and Pribram (1960) predict that, because the second task was completed and the
representation for the third task not yet required, there is no residual working memory
representation, the operator does not recall the interruption point, and therefore does not
resume the interrupted task set (Adams, Tenney, and Pew 1991). In contrast; because
Adams, Tenney, and Pew (1991) assume that the entire goal hierarchy of the mission is
activated, they suggest that the working memory, or active memory, representation for the
complete missiore.g, “perform a set of five tasks” remains (Adams, Tenney, and Pew
1991). This representation then compels the operator to resume performing the set of tasks.
Adams, Tenney, and Pew (1991, 1995) propose that interruptions should be less tolerable
between sub-goals than between goals; that is, the higher up the goal hierarchy, the more
tolerable the interruptions. Lower-level goal interruptions will be more resistant to
interruption, and, at some atomic level, goals will be impervious to interruption.

In summary, the extension (Adams, Tenney, and Pew 1991, 1995) of intention and
motivation theories (Lewin 1926, 1951; Miller, Galanter, and Pribram 1960) suggests that
the representational structure of the mission, or ongoing procedure, has implications for
interruption handling. Specifically, they predict that interruptions are less disturbing when
they occur at cognitive breakpoints in an ongoing tesk,upon completion of a sub-goal,

and further, that interruptions are less disturbing when they intervene between higher-level
goals than between activities comprising lower-level sub-goals.

Scheduling Theory

If an interrupting task does not engender performance immediately following interpretation
and access to associated performance requirements, the task may be explicitly scheduled
into the future of the ongoing procedure’s performance. Scheduling theory suggests factors
relevant for optimal task scheduling in job shops and provides a normative model of human
scheduling. Empirical research comparing human scheduling behavior to optimal
scheduling rules describes deviations from this normative model. This empirical research
suggests that operator scheduling behavior is subject to human information processing
biases and limitations and that operators strategically manage tasks to modulate their
workload levels. This section briefly reviews scheduling theory, human scheduling
behavior, and strategic workload management as they apply to the intentional integration of
interrupting task performance requirements into an ongoing procedure.
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Scheduling

The scheduling problem, organizing activities within constraints of resource availability to
meet goal criteria is a special case of the more general planning problem (Georgeff 1987).
Scheduling theory is an algorithmic approach to this problem (French 1982) and is
traditionally applied to determining the processing order and machine assignment of jobs in
a manufacturing environment (Sadowski and Medeiros 1982). Scheduling theory specifies
problems in terms of; the available processors (machines), processing characteristics of the
jobs, processor constraints, job constraints, and the objective of the scheduling problem
(French 1982). Job-related constraints include, job processing time (which may differ by
processor), availability for processing, due date, and the priority of the job. Characteristics
of the processing environmesetg, sequencing requirements, provide additional

constraints. A wide variety of scheduling rules exist for assigning jobs to processors to
optimize specific objectives, for example to minimize average due dates or to minimize
processor idle timés Traditional algorithmic scheduling theory uses both simple rules and
compound rules to accomplish these goals. In addition, associating scheduling decisions
with patterns of job characteristics and the job-shop environment, provides a case-based or
heuristic method of scheduling. Heuristic-based scheduling provides a more context-
sensitive and therefore more sophisticated approach to task ordering (Sanderson 1989).
According to traditional scheduling theory, a task ordering is defined based on the objective
and on the initial task set and machine characteristics. Using the rigorous method, the
introduction of an additional taske., an interrupting task, requires estimating the new task

in terms of scheduling rule parameters, and recalculating the schedule. Thus, integrating an
unexpected task into a schedule requires reconsideration, and this reconsideration is both
temporally- and computationally- expensive. Alternatively, if a heuristic set includes the
occurrence of a specific additional task; that is, to the degree that this addition is expected,
this reconsideration is pre-programmed and requires less time and computational resources.

Given complete specification of all relevant job, processor, and environmental parameters, a
well-defined and measurable objective function, unlimited time and computational ability,
and a stable environment, scheduling algorithms produce optimal task ordering. Although,
algorithmic scheduling theory provides insight into relevant job and processor
characteristics and useful performance goals, direct application of this algorithmic approach
to human multiple task management in operational environments is inappropriate to the
degree that these conditions are not met. The presence of an interruption in multitasking
environments increases the variability of the environment. In addition, its occurrence
necessitates potentially computationally, and temporally-expensive reassessment and
rescheduling. Traditional scheduling theory suggests some characteristics of tasks that may
be important in integrating an interruption into the remaining ongoing procedure.

Human Scheduling Behavior

Scheduling theory provides a foil for assessing human scheduling performance in a job
shop environment (Sanderson 1989). Comparisons of human scheduling behavior to simple
scheduling rules, complex rules, and heuristic rule sets indicate several general conclusions.
Human scheduling behavior exceeds automated scheduling to the degree that the

® See Panwalkar and Iskander (1977) for a review of scheduling rules.
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environment is variable (Haidet al. 1981) and planning horizons are fairly short (Ben-

Arieh and Moodie 1987). Human-generated schedules only outperformed those generated
by compound scheduling rules for some rutds Tabe and Salvendy 1988; Tabe,

Yamamuro, and Salvendy 1988; Ben-Arieh and Moodie 1987), suggesting some inherent
biases in human scheduling (Sanderson 1989). These comparisons for actually scheduling
jobs to machines indicate that reactivity to environmental changes, such as interruptions,
are very important. Further, these studies indicate that, while usually more reactive to
environmental changes, human scheduling performance is sub-optimal.

Operator performance models instantiate theories of human multiple task management of
abstract tasks. These models incorporate both characteristics of the tasks presumed to affect
task management performance, and model assumptions regarding the limitations of human
information processing. Some of these factors include: (1) task availability (Tulga and
Sheridan 1980); (2) preview knowledge of task availability (Tulga and Sheridan 1980); (3)
task processing time (Tulga and Sheridan 1980; Shankar 1989; Réoeher991; Pattipati

et al. 1983); (4) velocity of approaching deadline (Pattipatl. 1983); (5) ability to

partially process tasks (Pattipatial. 1983); (6) slack time available in tasks (Shankar

1989); (7) sequential and temporal task constraints (Pletlar1991; Shankar 1989), (8)
rewards for task processing (Tulga and Sheridan 1980; Pa#i@diil983); (9) costs for

not processing tasks (Pattipatial. 1983); (10) operator information processing capacities
and limitations (Pattipatet al. 1983; Shankar 1989; Plochetral. 1991); and (11) explicit
operator workload modulation goal (Shankar 1989; Ploehal. 1991). Comparisons of

human planning behavior to computational models of planning also indicate that human
behavior is characteristically opportunistit. Hayes-Roth and Hayes-Roth 1979), although

it may be represented by hierarchical plans in structured environments (Agre and Chapman
1990).

Comparisons of human performance and these operator models indicate several
characteristics of human task management. Operators satisfy performance requirements but
do not optimize performance.f, Tulga and Sheridan 1980; Pattipeitial. 1983;

Govindarajet al. 1981; Morayet al. 1991). Changes in task management strategies

coincide with increases in workload (Tulga and Sheridan 1980; Schumacher and Geiser
1983). Operators strategically use preview information only at intermediary levels of
workload (Tulga and Sheridan 1980), potentially because strategies are unnecessary at
lower levels and too computationally-expensive to use in higher levels of workload (Tulga
and Sheridan 1980). Humans switch tasks less frequently than is optimal, ostensibly due to
human information processing limitations such as neuromuscular lags, decision making
time loss, and cognitive inertia (Pattipetial. 1983). Operators are not precise in
distinguishing among tasks on attributes relevant to defining task execution order (Tulga
and Sheridan 1980; Pattipatial. 1983; Govindaraj 1981). Finally, strategic workload
modulation appears to be a significant motivation in human task management behavior
(e.g, Wickens, Larish, and Contorer 1989).

This final point refers to a field of study in itsedfrategic workload managemeiiMoray

and Hart 1990). In terms of scheduling theory, one might say that an aspect of the objective
function for optimization includes a term for maintaining workload at acceptable levels.
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Several frameworks have been proposed for studying strategic workload management. For
example, Moray (1990) proposes scheduling theory as a normative model for human
strategic task management, where slack time is interpreted as an inverse measure of
workload. Hancock (1991) introduces a formulation of strategic behavior as a constraint-
satisfaction problem. Hart and Wickens (1990) conceptualize workload modulation as a
closed-loop model. The most complete set of empirical data on strategic workload
management has been performed by Wickens and his colleagues in the aviation domain.
Under conditions of higher workload, the priorities pilots assign to tasks modifies the
probability that they perform a given task (Raby, Wickens, and Marsh 1990). Increased
workload conditions do not appear to induce strategic performance to optimize task
duration, or the time at which tasks are performed (Raby, Wickens, and Marsh 1990).
However, in higher workload conditions, pilots do allocate time according to priority in

high workload conditions (Raby and Wickens 1990). As workload increases, pilots perform
tasks according to their priority, suffering degraded performance to low-priority tasks, and
become more efficient in performing tasks. Pilot performances improve when provided
with a projections of difficulty demands over a scenario (Segal and Wickens 1990).
Wickens and his colleagues’ research suggests that the intentional integration of an
interruption into an ongoing procedure is particularly influenced by the level of workload
experienced by the subject, projected workload demands, and relative priority of the
interruption.

In summary, scheduling theory provides a normative model for describing how an
interrupting task is integrated with future, known, performance requirements. However, the
influence of human information processing biases and limitations on scheduling
performance are evident when comparing human performance to that of scheduling rules
and optimizing operator models. In addition, to these inherent limitations, interrupting task
integration is likely to be subject to strategic goals, particularly the goal to modulate
workload. These research perspectives provide a basis for understanding how interrupting
task requirements might be strategically integrated with ongoing task requirements.

Constraints on Attention

Many diverse theories of attention include, as a premise, that attention is a resource for
information processing that is limited in quantity, required for controlled processes and,

with some effort, may be divided over processes in a zero-sum manner (Allport 1992). This
limited resource serves many stages in the interruption management model except the first,
whose purpose is to exogenously capture this resource. Therefore, factors limiting attention
availability affect resources available for all other stages that require this resource.

Previous sections refer to the role of attention in descriptions of other information
processing mechanisms. This section describes, generally, the implications of two factors
that limit the general availability of attention for other facets of interruption management.

Automaticity and Attention

Typically, the additional attention demands associated with managing an interruption
detract from ongoing procedure performance. However, processes that have been practiced

34



to the point of automaticity can be performed without attention resourcési(Simd

Schneider 1977; Schneider andf8m 1977). In these cases, integration of interruptions

may not interfere with ongoing procedure performance. Alternatively, controlled processes
are capacity-limited and therefore generally serial and subject to interference from other
concurrent tasks. So, to the degree that stages in interruption management or execution of
the ongoing procedure are automatic, interruption management should not interfere with
ongoing procedure performance. Automated mechanisms are not, by definition,
interruptable €.g, Muller and Rabbitt 1989). Therefore, to the degree that the ongoing
procedure is automatic, it is resistant to interruption. The task paradigm of the proposed
model assumes that ongoing and interrupting tasks require controlled processes.

Environmental Stress and Attention

Attention may be intentionally divided among timeshared tasks requiring controlled
processing and task-irrelevant activities (Eysenck 1982). For example, anxiety-level, as a
response to internally or externally-imposed stressors, may be considered a secondary task
to be time-shared with task-relevant requirements. The additional demands imposed by
task-irrelevant concerns decrease performance on task-relevant processes. Stress restricts
the breadth of focused attention (Easterbrook 1959; Kahneman 1973), and decreases
working memory capacity (Eysenck 1982). Accordingly, interruptions are assumed to be
less permeating to ongoing procedure performance under these conditions. However, if
interpreted, interruption integration will be more difficult under conditions of increased
stress.
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4. Experimental Hypotheses

The proposed interruption management model defines interruption management stages,
describes effects on ongoing performance and interruption management strategies, and
suggests basic research related to the study of interruption management. Hypotheses based
on the proposed model and related literature were addressed in a flight simulation
environment specifically designed to enable precise experimental manipulation of
interruption positions. To authentically demonstrate the effects of interruptions on the
flightdeck, this experiment used current airline pilots as subjects and realistic ATC
transmissions as interruptions to flightdeck procedures. The experimental component of
this research seeks to demonstrate experimentally the deleterious effects ascribed to
interruptions on flightdecks in actual operations and consider the significance of several

task factors to interruption management performance on the flightdeck. These factors
include: (1) the modality of the interrupting and interrupted tasks, (2) the goal-level of the
interrupted task in the ongoing procedure, (3) the coupling strength of sequential procedural
tasks that are severed by an interruption, (4) the semantic similarity of the interrupting and
interrupted tasks, and (5) the environmental stress associated with the interrupted ongoing
procedure. Measures of distraction, disturbance, and disruption characterize the influence
of these task factors on flightdeck interruption management performance. These factors and
the expected results are described below. In addition, | plan to note where individual
differences appear in these analyses.

Interruption Hypothesis

Hypothesis 1: Interrupted procedures will contain more errors than uninterrupted
procedures, involve a higher rate of flightpath management, and, aside from
the additional time required for performing the interrupting task, take longer
to perform.

This hypothesis is based on results of specific laboratory investigations demonstrating the
deleterious effects of interruptions on interrupted-task performance (Detweiler, Hess, and
Phelps 1994, Gillie and Broadbent 1989; Field 1987; Kreifeldt and McCarthey 1981),
observational studies indicating performance decrements associated with interrgpgions (
Kirmeyer 1988; Paquiot, Eyrolle and Cellier 1986), and consequences of interruptions
annotated in incident and accident repcetg( Griffon-Fouco and Ghertman 1984;
Bainbridge 1984; Turner and Huntley 1991; Monan 1979; NTSB 1988, 1973). Although
this prior research clearly demonstrates the negative effects of interruptions on human
performance, interruptions have had both extendg, Paquiot, Eyrolle, and Cellier

1986; Kreifeldt and McCarthey 1981; Field 1987) and contracgrgy Cellier and Eyrolle
1992) effects on overall performance time.
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Modality Hypotheses

Three hypotheses are proposed based on the modality of the interruption, the interrupted
task, and the interaction of interruption and interrupted task modalities.

Interruption Modality Hypothesis

Hypothesis 2: Interruptions presented aurally should be more distracting than interruptions
presented visually.

Auditory information is more attention-directing than visual informatmg,(Neisser

1974; Posneet al. 196; Stanton 1992). Based on this, other authors suggest that an
auditory task is more likely to preempt an ongoing task than a visual task (Segal and
Wickens 1991). Although the visually-presented interruptions in this experiment begin with
a momentary auditory annunciation, to equalize diversion effects, it does not persist and
therefore does not continue to be attention-demanding. Contrary to this implication from
basic research, Datalink research finds that pilots typically respond more rapidly to datalink,
or visual, messages than to aural radio calls (Kerns 1990). Datalink, or visually-presented,
ATC messages also precipitate longer delays before resuming interrupted tasks (Williams
1995).

Interrupted Task Modality Hypothesis

Hypothesis 3: Interruptions to visual tasks should be more distracting, and less disturbing
and disruptive than interruptions to auditory tasks.

Interruptions to tasks that retain interruption position information externally experience less
performance degradation than tasks that do not (Kreifeldt and McCarthey 1981; Field
1987). In this experiment, interrupted visual procedural tasks provide an externally-
available reminder to resume the interrupted task and therefore do not require subjects to
retain an internal representation of the interruption position. This reduced memory load and
external aid should facilitate subjects performance compared to that with interrupted
auditory procedural tasks.

Modality-sharing Hypothesis

Hypothesis 4: Cross-modality conditions should be more distracting, and less disturbing
and disruptive than same-modality conditions.

Differentiated-resource models of attention suggest, (Wickens 1984) and supporting
empirical results from timesharing researelg( Triesman and Davies 1973; Rollins and
Hendricks 1980) indicate that tasks are more easily performed simultaneously when they
require different processing resources.
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Goal-Level Hypothesis

Hypothesis 5: Interruptions should be less distracting, more disturbing, and more
disruptive to the degree that they are embedded in a procedure.

Specifically, interruptions presented external to the procedure, either before or after, should
be more distracting, less disturbing, and less disruptive than interruptions either between or
within procedures. Similarly, interruptions between procedural tasks should be more
distracting, less disturbing, and less disruptive than interruptions within procedural tasks.
Adams, Tenney, and Pew (1991, 1995) extend theories of intention forneitibewin

1951; Miller, Galanter, and Pribram 1960) and their interaction with working memory to
suggest that interruptions within low-level goals of the ongoing task set are more
destructive than interruptions between high-level goals. Interruption research finds that
increased memory load at the interruption point, defined by lower-level interruption in a
hierarchical ongoing task, significantly degrades performance (Detweiler, Hess, and Phelps
1994). Psycholinguistic research describing perceived interruption points in speech also
supports this hypothesis (Cairns and Cairns 1976). However, an attempt to demonstrate this
goal-level effect in a laboratory setting was not successful (Lorch 1987).

Coupling-Strength Hypothesis

Hypothesis 6: Interruptions should be less distracting, more disturbing, and more
disruptive if presented between tasks perceived as strongly-coupled, or
associated, than if presented between tasks that are perceived as less
strongly-coupled.

The goal-level hypothesis attempts to predict effects on interruption management based on
an objective analysis of the ongoing procedure’s structure. However, research suggests that
operators come to make associations among procedural tasks into meaningful sub-units
(e.q, Elio 1986). The coupling-strength hypothesis considers subjects’ constructed
associations among procedural tasks.

Similarity Hypothesis

Hypothesis 7: Interruptions semantically similar to the interrupted task should be more
distracting, and less disturbing and disruptive than dissimilar interruptions.

Theories of associated memory suggest that responding to and integrating information
associated with a new stimulus is facilitated by the degree to which requisite memory
structures are already activated, or resident in working memory, or are related to those
structures in active memorg.¢, Anderson 1976; Sanford and Garrod 1960). Adams,

Tenney, and Pew (1991, 1995) extend this concept to predict that interrupting events are
most easily assimilated to the degree that they map to activated, current, memory structures,
ostensibly those associated with the interrupted task. A previous laboratory investigation
with alphanumeric stimuli did not confirm this hypothesis (Cellier and Eyrolle 1992).
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However, tasks in a realistic operational setting may have more elaborate memory
associations and may therefore be more appropriate to testing this hypothesis.

Environmental Stress Hypothesis

Hypothesis 8: Interruptions to procedures performed in higher stress conditions should be
less distracting and more disturbing and disruptive than interruptions to
procedures performed in lower stress conditions.

Attention theory and research suggests that stressful conditions diminish attentional
resources available for task-related activiteg { Eysenck 1982). Attention research
indicates that subjects should be less divertable, and therefore less distractible, at higher
stress levels. However, operator task scheduling research suggests that people become
more opportunistic in higher stress conditioagy( Tulga and Sheridan 1980; Schumacher
and Geiser 1983), and perhaps may be more likely distracted. Pilots response times to
datalink messages decrease in more stressful conditions, operationalized by decreasing
altitude and distance to runwas.q, Diehl 1975; Waller and Lohr 1989).

Observations on Individual Differences

Hypothesis 9: Individual subject performances will be significantly different in response to
interruptions on the flightdeck.

Personality (Kirmeyer 1988) and cognitive style (Jolly and Reardon 1985) characteristics
have been associated with differentiated responses to interruption. Because this experiment
is conducted in a realistic task setting, subject behavior is not constrained as tightly as
would be the case in most laboratory experiments. For this reason, despite the commonality
that all subjects are commercial airline pilots of certain experience, significant individual
differences may be particularly salient. This experiment provides a realistic task context,
and is therefore less restrictive on subject behavior than traditional laboratory

investigations. Thus, even considering that subjects are from a restricted population,
significant individual differences may be particularly salient.
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5. Experimental Methods
Participants

Participants in this experiment included those required to design and pre-test the
experimental scenario and those required to perform the experiment. Participants of the
former category included domain expert consultants and preliminary subjects. Participants
in the latter category included experimental subjects and experimental personnel. The
characteristics and roles of these participants are described below.

Experiment Design and Development Participants

In preparation for this investigation, several questionnaires and card-sorting tasks were
given to 46 current airline pilots. The results of these preliminary studies informed the
design of the procedures and interrupting tasks, the operationalization of independent
factors’ levels, and the design of experimental materials. Extensive interviews during a
two-year development period with two retired United Airlines pilots who are experienced in
pilot training, and an experienced air traffic controller, informed scenario design and
development to maximize operational validity of the scenario and efficacy of the training
regime. Three NASA researchers, a NASA test pilot, and eight current airline pilots with

the same qualifications as the experimental subjects, served as preliminary subjects to refine
the experimental scenario and materials, training regime, and experimental protocol.

Experimental Subjects

The fourteen experimental subjects were transport airline Captains or First Officers who
were currently flying a Boeing 737-300, 737-400, 747-400, 757, or 767 aircraft, had at least
one year of FMS/CDU and glass-cockpit experience, and minimally 5,000 flying hours
(Appendix 5.1). Experimental subjects were recruited by advertisement and each
compensated $200.00 plus accommodationgpandiem for their two days of

participation.

Experimental Personnel

The expert pilot consultants also provided simulation training on flightpath management
skills. The expert air traffic controller performed all real-time ATC and airline company
coordination communications, and pre-recorded all aural interruption annunciations.
Additional personnel operated the simulation facility hardware and software. Personnel of
the Human Engineering Methods group of the Crew-Integration branch at NASA Langley
placed sensors and operated apparatus to collect physiological data from subjects for a
related experiment, not described here.

Apparatus

This section describes the simulation platform for the experiment and additional apparatus
required to provide subjects with ATIS (Automatic Terminal Information System)
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information, real-time responses to flightdeck-initiated interactions from ATC and the
airline company coordinating services, and for interjecting interrupting ATC requests, the
interruption annunciations.

The Simulator

The simulation platform was the NASA Langley's Transport Systems Research Vehicle
(TSRV) fixed-base simulator. The TSRV flight-deck is similar to a Boeing 737-300 but
possesses some unique features and was modified specifically for this research as the
TSRV-IIC. Software modifications included development of equipment logic specifically
for the experimental scenario, key-stroke level data collection, definition of run
characteristics, sensing interruption triggering conditions and introducing interruptions
precisely (Appendix 5.2). Additional software was designed to extract dependent measures
from raw time-stamped keystroke and event posting simulation data specific to each
experimental condition (Appendix 5.3). Hardware modifications included the alteration and
addition of equipment necessary for procedure performance, and installation of sensing
mechanisms to enable keystroke-level data collection and interruption insertion. Specific
physical characteristics of the TSRMC are described below in terms of their use in this
study.

5.2.1.1 Control Mechanisms

The TSRV-IIC used sidestick controlleput device rather than the standard yoke and
column. Pilots flew the simulator in Attitude Control Wheel Steering (ACWS), a highly-
manual, reduced form of the autopilot in which the sidestick controller inputs provide rate
commands to the autopilot. Once a bank angle or attitude was achieved, if the pilot
released the sidestick controller, it returned to the neutral position while the aircraft
maintained the established bank angle and attitude. Neither full autopilot nor autothrottles
were available for use in the experimental scenario.

In normal airline operation, pilots enter target speeds, altitudes, and attitudes in a mode
control panel as input to autopilot guidance. In this experiment, these target speeds,
altitudes, and attitudes were preprogrammed in the simulation program. These
preprogrammed parameters did not drive autopilot controls, but were reflected in primary
flight display features. The display features for these target parameters were “bugs”, or
markers, and text boxes that indicated target attitudes for descents and level-offs, and target
speeds and altitudes for crossing all waypoints. Subjects did not interact with the mode
control panel during this experiment.

Primary Flight Display

The primary flight display (PFD), located directly in front of the pilot, provided guidance
information for flight parameters, and contained the following major display features
(Figure 5.1): (1) turn thumbtack, 2) horizontal path deviation indicator, (3) aircraft reference
symbol / flightpath angle (FPA) diamond, (4) pitch indicator, (5) FPA reference bar, (6)
speed indicator (including actual, trend, and target information), (7) altitude indicator
(including actual, trend, and target information), (8) distance to the next waypoint, (9) radio
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altimeter (not shown in Figure 5.1), and (10) video archiving information (including subject
number, run number, and elapsed run time), (11) name of and distance to the next waypoint.
The following sections describe the information provided by PFD display features in the
experimental scenario.

Lateral Information and Guidance

Two PFD display features conveyed lateral path information. The inditatonbtack

indicated the airplane’s track-bearing relative to the desired track-bearing. When the
aircraft reached a calculated distance from a turn, the thumbtack moved in the direction of
the turn, assuming an instantaneous 15 degree bank. A scale on the top of the PFD
provided bank angle information in degrees. While the thumbtack provided guidance to
remain on the flightpath, it alone did not provide enough guidance to get back onto the
flightpath. That is, it did not provide true lateral deviation information. The horizontal

path deviation indicator (HPDI) provided true lateral deviation information. Each
demarcation on the HPDI scale represented 3750 feet of lateral deviation. If the aircraft was
3750 feet to the left of the correct track and on a parallel course, the thumbtack would be in
the center of the screen, but the HPDI would be centered on its scale’s second demarcation.
The aircraft’'s heading remained constant if the HPDI showed no deviation, and the
thumbtack and the aircraft reference symbol (also referred to as the FPA diamond) were
coincident. Lateral deviations were also indicated on the navigational display by a
separation of the aircraft symbol and the plan view representation of the flightpath.

Attitude Information and Guidance

The PFD had two attitude indicators. The first was a standard pitch indicator, this reflected
the pitch angle of the aircraft. The second, the FPA diamond, displayed the lateral position
and attitude of the aircraft and presented attitude information in terms of FPA. When
manually controlling attitude with pitch, one must make constant adjustments to
compensate for different aircraft configurations, airspeeds, altitudes, and winds. The FPA
diamond display feature allows pilots to “fly the center of gravity of the aircraft”; that is, to
control the aircraft’s direction rather than just its heading, and obviates the need for fine
lateral or vertical compensatory adjustments in response to winds or altitude changes. The
experimental scenario provided FPA reference attitudes for descents and indicated level-
offs with the PFD’s FPA reference bar. Upon passing a waypoint, this bar dropped from the
horizon line to the target FPA for that descent. At 300 feet above a level-off altitude, the
bar returned to the horizon line to signal the pilot to level-off at that altitude. Although

most pilots were unfamiliar with FPA attitude control, it provided an easier method for
achieving descent rates than pitch-references and, once stabilized, enabled hands-off flying
with zero flightpath deviation.

Speed and Altitude Information and Guidance

The PFD also provided actual and trend information for speed and altitude in the form of
two tape display features. The actual speed and altitude were framed on their respective
tape display features and shown in text at the bottom of these tapes. Speed and altitude
deviations were readily apparent by comparing the relative distance between actual values
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Figure 5.1. TSRV-IIC Primary Flight Display
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and marked target values on display tapes. A narrow white tape to the right of the speed
bug indicated the projected speed in 10 seconds. Another white tape, to the right of the
altitude tape, indicated rate of altitude changejestical speed While vertical speed
indicators are standard in current aircraft, the speed trend tape is not. This experiment
required manual throttle management for thrust control. As most commercial pilots
typically fly with autothrottles, the speed trend information provided very useful
information for manual throttle management.

Other PED Display features

Other PFD display features included those specific to landing and those added to aid video
archiving. Upon reaching 1000' above field elevation, a radio altimeter feature indicated

the feet remaining to field elevation as "RA ###". After passing the approach point (2 nm
from and 500' above the touchdown point), a graphical representation of a runway was
presented on the PFD. The name of and distance to the next waypoint was displayed in the
PFD’s upper right corner.

Navigational Display

The Navigational Display (ND) (Figure 5.2), located below the PFD, provided: (1) a track-
up, plan-view of the remaining flightpath, (2) waypoints on the remaining flightpath
annotated with programmed crossing speed and altitude restrictions, (3) an aircraft symbol
annotated with actual speed and altitude, (4) current heading, (5) the name and distance to
the next waypoint. Although the ND scale was variable between runs, once a run began the
scale was fixed to the 20 nm scale. At the approach point, the scale changed to 2 nm to aid
landing. The ND displayed the aircraft symbol in the center of the screen with a trend line
off the top of this symbol. This trend line had three segments of 5 units each. Each of the
segments represented 30 seconds of projected aircraft movement. The whole trend line
provided 90 second prediction, given the current speed, altitude and heading. The ND also
displayed the flightpath pre-programmed in the FMS/CDU. The ND displayed the names of
all remaining waypoints within 20 nm and provided the crossing altitude and speed
restrictions for the next waypoint. The aircraft symbol was annotated with the current speed
(KIAS) and altitude. The ND also displayed the current heading at the top of the display,
and the name of, and distance to the next waypoint in the upper right corner.

Engine Instrument Display

The engine instrument display, located to the right of the PFD, presented engine parameter
information, including engine pressure ratio (EPR), N1, and fuel flow and capacity values

in a format similar to current aircraft. This information was not specifically manipulated or
required by the experimental scenarios but is fundamental to piloting.
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Figure 5.2. TSRV-IIC Navigational Display
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Flaps Information Screen

The flaps information screen, a CRT located to the right of the engine instruments display,
presented a flaps schedule according to pre-defined minimum speeds. This schedule was
based on the specifications of the Boeing 737 manual on limit speeds and adapted for this
experiment’s flightpath requirements.

Checklist Touchscreen

A touchscreen display presented relevant checklists organized in a simple menu structure
(Appendix 5.4) below the engine instrument display. Upon touching the screen, red cross-
hairs were displayed to provide subjects localization and selection feedback. The contents
of these checklists were based on the Boeing 737 training manual and modified for this
experiment. This experiment only required pilots to use the approach and Final Descent
checklists (Appendix 5.5). The menu structure required two selections to access each of
these checklists. The checklist implementation did not include any facility for place-
keeping and reverted to the Main Menu aB@rseconds of inactivity.

Datalink Touchscreen

Various implementations of the datalink concept have been suggested (Kerns 1990). This
experiment’s implementation provides a limited datalink menu structure on a dedafated (
Hinton and Lohr 1988; Williams 1995) CRT touchscregnKnox and Scanlon 1990) to

the right of the checklist system. The datalink touchscreen provided subjects with
localization and selection feedback similar to that provided by the checklist system. The
experimental scenario allowed pilots to interact with the datalink system only to receive
ATC messages and to respond to these messages in a very limited manner. As such, none
of the labels on the initial Main Menu screen were touch-sensitive. When an ATC message
was transmitted to the flightdeck, a mechanized voice announced “incoming message” and
the screen changed to one presenting the ATC instruction in a text box and two touch-
sensitive labels, ROGER and AND-BY. Selecting ROGER signaled ATC that the

flightdeck recipient planned to accomplish the contents of the message immediately. Upon
selecting ROGER, the datalink system reverted to the Main Menu screen. Selecting the
STAND-BY label signaled ATC that the flightdeck recipient had received the message, but
did not plan to accomplish the task immediately. Upon selecting tABISBY label, the

label outline and text turned green and the ATC message remained until selecting ROGER.
Appendix (5.6) displayed the datalink initial screen and a sample ATC incoming message.

Central Quadrant

The TSRV-IIC’s central quadrant was standard for a BoéBiy300. The central quadrant
included the speedbrake, throttle, and flap controls. The scenario was designed to require
manual throttle control, no speedbrakes, and for flaps to be selected according to the
specified schedule and procedure instruction.
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Communication Systems

This experiment used two communication channels, COM1 and COM2. Each of these
channels had two tuning heads. Each communication channel had a transfer toggle switch
(TFR) that selected the active tuning head. Pilots selected the transmitting channel using the
transmit-selector knob. Selecting a communication channel allowed the pilot to hear and
transmit to the frequency dialed on the active head of that channel. Pilots communicated to
passengers by tuning the transmit-selector knob to the public announcement (PA) position.
Pilots could listen to additional active frequencies by toggling the associated "listen-to"
switches. The subject wore a headset microphone. Communication channels were opened for
flightdeck transmission by holding down either the trigger switch on the sidestick controller,
or a button under the front edge of the subject’s left armrest. Using the armrest microphone
switch minimized inadvertent control inputs that could occur when using the sidestick
controller’s trigger switch. Communications from other agents or mechanisms in the
simulation were presented through speakers in the simulator cab behind the subject.

Overhead Panel

The TSRV is not equipped with any of the standard B-737-300 overhead panel controls or
displays. For this experiment, several simple discrete, back-lit buttons were implemented on
the overhead panel for functions required in the 18K' and FAF procedures. Specifically,
buttons were designed to control and indicate the status of the seatbelt sign, no-smoking sign,
landing lights, anti-skid, and autobrakes (Figure 5.3). The anti-skid and autobrakes were
mechanically related. If the anti-skid was not on, autobrakes could not be selected. Once both
are selected, deselecting anti-skid also deselected autobrakes. These overhead panel buttons
were a dimly-back-lit green when off and brightly back-lit green when on. In addition to these
buttons, the overhead panel also contained a display for leading edge devices, the gear handle,
and gear position indicator lights.

FMS/CDU

The Flight Management System (FMS) interfaces with other computers and systems in the
aircraft to provide automatic navigation, guidance, map display, and in-flight performance
optimization. The FMS receives pilot input and displays information to the pilot through the
control display unit (CDU). Together, this system is referred to as the FMS/CDU (Figure 5.4).
The FMS/CDU's Legs page provided the most useful information for normal flightpath
monitoring. This page listed the remaining waypoints of the flightpath, their corresponding
crossing restrictions, and headings and the distance between these waypoints. The Legs page
also displayed the distance from the aircraft’s current position to the next waypoint. At the
onset of a run, most of the scenario flightpath is pre-loaded and the Legs page lists all
waypoints and distances up to the final approach fix. Selection of the appropriate runway
augments the Legs page for the remaining three waypoints, the approach point, the touchdown
point, and the missed approach fix. The FMS/CDU interface in the TSRV-IIC was very

similar to current commercial aircraft.
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Figure 5.4. The TSRV-IIC Flight Management System’s Control Display Unit

TSRV-IIC Ambient Characteristics

The experimental scenario did not include winds, nor did it provide subjects with an
external visual scene. Light levels in the simulation cab were low to facilitate video
recording and de-emphasize the lack of external visual scene. Engine sounds, presented
through a speaker behind the subject, were approximately 60 dBa for 18 degrees of throttle
at cruise-altitude (19000") and 290 KIAS.

ATIS Message System
In real airline operations, the Automatic Terminal Information Service (ATIS) provides a

continuous broadcast of recorded airport terminal information to provide pilots with useful
weather, and airport condition information. ATIS reports are typically 30 to 45 seconds in
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length. The experimental implementation of ATIS was almost identical to that in real
operations. ATIS recordings were thirty seconds in length and played continuously
throughout a run. Although the ATIS tape played continuously, the subject could hear the
ATIS information only if he selected the ATIS tuning head on COM2 and either switched
COMZ2’s listen-to toggle switch up or selected COM2 with the transmit-selector knob. The
ATIS tape repeated until the channel was deselected. ATIS messages were in a different,
female voice to minimize interference with and the real-time transmissions from ATC and
airline coordinating services and interrupting ATC requests which were presented by a male
voice. ATIS messages were projected from a speaker behind the subject, at approximately
72 dBa.

Flightdeck-Initiated ATC & Company Communications

An experienced air traffic controller operated in real-time with the simulation to respond to
flightdeck calls to ATC approach control, ATC tower, and the airline company’s

coordination services. Subjects interacted with this individual for procedurally-required
calls, to acknowledge interrupting tasks, and, if necessary, to clarify previous transmissions.
The controller’'s responses to company and tower calls were scripted for each run. The
controller produced two intelligible microphone clicks as a response to subject
acknowledgments to minimize interference with consequent procedural tasks. The
controller also had all interruption annunciations and ATIS scripts so he could respond to
gueries from subjects and compensate for any communication equipment problems.
Standardized responses were scripted for those queries most frequent among preliminary
subjects. In non-standard interactions, the controller provided requested information as
succinctly as possible. The controller did not offer helpful information or ensure that
clearances were received, as would occur in normal line operations to minimize interference
with subject performance and maximize experimental control. Procedural ATC and airline
company communications were announced from a speaker behind the subject at
approximately74 dBa. The controller's sound level was calibrated at the beginning of each
day and mid-day and the controller maintained a standard distance from the microphone for
all real-time interactions.

Interrupting ATC Communications

A pre-recorded, automated system presented ATC interruptions through a speaker behind
the subject. The voice used to record the ATC interruption scripts was that of the
confederate performing real-time ATC communications to maximize scenario coherence.
These voiced data files were associated with interruption positions in the procedural tasks
and different interrupting tasks to operationalize experimental conditions (Appendix 5.7).
Scripted ATC interruption annunciations occurred to the flightdeck when subjects
performed the triggering activity of the intended experimental condition.

Scenario
The experimental scenario was created to incorporate several design goals in addition to the

overarching goal of minimizing subject participation time. An overview of the rationale for
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scenario design decisions precedes a more detailed description of the physical
characteristics and functional requirements of the scenario.

Scenario Design Rationale

The scenarios and, consequently, some features of the simulation apparatus, were designed
to achieve several experimental goals. These goals, generally, were to: (1) minimize
variability of factors not investigated in this study, (2) maximize operational validity, (3)
operationalize independent variables, and (4) collecting dependent variables and
introducing interruptions.

Minimizing Variability in Immaterial Factors

Goals for minimizing the variability of factors immaterial to this investigation included:
minimizing unintentional distractions, minimizing the effect of individual differences in
flightpath management technique, controlling the amount of externalized memory available,
minimizing the effect of individual differences in familiarity with the experimental

scenario, and minimizing learning and fatigue effects over runs.

To reduce the occurrence of distractions, no external scene was used in this simulation,
display modification options on the ND and PFD were inoperative during runs, and flying
techniques were designed to reduce flightpath deviations during procedural intervals. To
control the FPM difficulty across subjects, subjects were instructed and trained to follow
specific flying techniquese(g.,selecting flaps according to a schedule) and to execute these
techniques as cued by pre-programmed PFD display features. The amount of externalized
memory available to subjects was controlled by requiring externalization of some
information on the kneepad form and prohibiting subjects from noting any information not
explicitly required on this form. Additionally, the checklist system was designed to revert
to the main menu after a time determined to be just long enough to perform the checkilist.
This feature and specific instruction reduced the possibility that subjects would use
checklists as externalized memory to guide procedures rather than as a verification task.
The effect of individually-different familiarity with the experimental scenario was reduced
by disguising the terminating airport; this was done by renaming it, changing its altitude,
and creating fictitious waypoint locations and names surrounding it. Features of the
flightpath that were assumed to have no bearing on performance requirements or
information availability were varied to reduce monotony of repeated runs. These variations
included using four orientations for approaching the terminal (corresponding to the four
pairs of parallel runways), the direction of the two dog-legs in the flightpath, and by using
non-imaginable, confusable waypoint names.

Maximizing Operational Validity

Goals for maximizing scenario operational validity included: maximizing the operational
validity of performing procedures during the scenario; creating meaningful, definite, and
appropriate start and end points for procedural intervals; and encouraging that subjects be
immersed in the scenario before any experimental conditions occurred. To improve
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operational validity, the flightpath was designed to make obvious those legs in which
subjects should perform procedures. This was accomplished by creating two types of legs,
procedural intervals and non-procedural intervals. Procedural intervals were designed,
based on preliminary subject data and assuming ACWS, to afford hands-off, zero-deviation
flight long enough to perform the procedures. Non-procedural legs were designed by
closely juxtaposing waypoint crossings, turns, and level-offs, to require intensive flightpath
management. Non-procedural intervals were, therefore obviously not appropriate for
procedure performance. Flightpath management difficulty was designed to peak around
waypoints using hard crossing restrictions, tight turns, and manual throttle control to
identify natural starting points for the procedural intervals. Procedural intervals also had
deadline conditions of increased flightpath management difficulty imposed by level-offs or
an abrupt speed reduction. The FPM difficulty of these termination points exacerbated the
FPM requirements associated with turns and crossing restrictions at waypoints.

Operational validity was enhanced by anchoring these procedural intervals at meaningful
points in the approach and descent. The first set of procedural taskg-tifedescent
procedure began after leaving cruise altitude, at the top of descent (TOD). The second set
of procedural tasks, tHE8 thousand-foot procedurbegan after descending from 18,000’
(18K") a transitional altitude at which many commercial carriers reset the altimeter. The
final approach fix (FAF) is an operationally significant point in the flightpath that some
pilots use to check that the aircraft is configured for landing. The third set of procedural
tasks, thdinal approach fix procedurebegan after passing this point and were primarily
concerned with aircraft configuration for landing. Subjects were provided with a short
uneventful interval prior to the first procedural interval to encourage immersion in the
scenario.

Operationalizing Independent Variables

Operationalizing independent variables fundamentally required a set of procedures, a set of
interrupting tasks, and a flight phase in which to perform them. The approach and descent
flight phase was chosen because it afforded natural opportunities for operationalizing
independent variables. Preliminary interviews and testing refined the manner in which task
factors were operationalized to increase external validity.

The environmental stress variable required opportunities for data collection at two different
levels of environmental stress. Assuming that proximity to the ground and touchdown

point imposed an increasing form of environmental stress, isomorphic procedures at 18,000
feet and 8,000 feet provide the conditions for this factor. The goal-level variable required a
procedural task hierarchy with at least three levels of observable decomposition. Approach
and descent phases naturally include many flightdeck and aircraft configuration tasks
observable at the keystroke level. For this experiment, these tasks, and some additional
flightdeck tasks, were arranged into three procedures. Levels of the coupling variable were
operationalized by designing three pairs of adjacent tasks to supply three levels of coupling-
strength. Two procedural tasks, similar in execution, and two interrupting tasks similar and
dissimilar in semantic content to these procedural tasks were required to operationalize the
similarity factor conditions. The modality variables required two types of interruption
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positions; one at the lowest goal-level of an auditory task, one at the lowest goal-level of a
visual task. It also required two types of interrupting tasks; one which presented
interrupting task information aurally, the other which presented this information visually.
Finally, to isolate the effect of these independent factors, other interruption position and
interrupting task characteristics were selected and designed to be as constant as possible;
e.g, the interrupting tasks were all initially announced aurally, required acknowledgment
and entailed FMS/CDU tasks of similar length and complexity.

Collecting Dependent Variables and Introducing Interruptions

This experiment collected both reaction-time and error dependent measures. Interruption
positions and interrupting tasks were designed and selected to require frequent physical
interaction with the simulation equipment to enable keystroke-level time data. Simulation
equipment was modified or specifically designed to sense and capture these interactions.
This capability not only allowed keystroke-level data collection, but was necessary to
trigger the introduction of interruptions at specific points in procedure performance.
Subjects were trained to perform scripted procedures in a highly-constrained manner to not
only define precise interruption triggering conditions, but also to provide a standard by
which to define procedural performance errors.

Physical Characteristics of Scenario

The physical characteristics of the scenario include those of the terminal environment,
flightpath profile, and flightpath plan views.

Terminal Environment

AKRA International Airport (Figure 5.5), a fictitious airport based on the design of the San
Francisco International Airport, served as the terminal environment. AKRA had the runway
configuration of San Franciscie., four pairs of parallel runways in a cross orientation:
runways 1 left and right, 10 left and right, 19 left and right, and 28 left and right. AKRA'’s
terminal environment included two missed approach fixes, MAFAT and MAFAB. MAFAT
was the missed approach fix for runways 1 left and right, and 28 left and right. MAFAB
was the missed approach fix for runways 10 left and right, and 19 left and right.

Profile View of Flightpath

The flightpath profile was a complex, step-down, non-precision, instrument approach with
crossing restrictions at each waypoint (Figure 5.6). These crossing restrictions specify the
exact target altitude and speed to achieve at each waypoint. Each run used the same
scenario flightpath profile. The subject began the scenario with this profile pre-loaded in
the FMS/CDU minus the final three points; the approach point, the touchdown point, and
the missed approach fix. These three points were added to the path upon selecting the
destination runway.

53



AKRA International Airport

R]

1RL
15nmto VOR
0
27 DIy €D
1920 192°
T02°
1029
282V
<:::;> 282"
012
0120
Q|

MA FA B /)’

19RL

10RL
<not to scale > 15nmto VOR

MAFA T
A/zsRL

Figure 5.5. AKRA International Airport Terminal Area Map

54




PROFILE VIEW

. TOD

] 1

|

1 Wypt A

I FL190 Wypl B I

1 290 KIAS FL190 1

I clean 240 KIAS I

] 1 clean | -

Operate |1 T Wypt C

FL190 | 1 FL180 i o

290 KIAS |1 I 240 KIAS !

clean 1 1 clean l | o

T I 1 Wypt D I @

1 [ 1 | FL120 1

I I I | 180 KIAS | FOF @,

| | | | flaps 5 Wypt E |

| 1 | | T FL100 |

I 1 1 1 I 180 KIAS I (flaps3)

1 I 1 1 | flaps 5 | AP

| | | | | 1 Wypt F 1D _RWY

I " I I | | 8000’ Wypt G

I | | | | | 150 KIAS 4000 I V‘%Fg,

. I I I 1 1 flaps 15 140 KIAS 1N

Vref

| 1 | | I | T flaps 25 1

I " I | I I I o I flaps 30
I 6nm | 18.4 nm ] 84nm | 20.8 nm ! 7 nm! gnm | 10 nm I 26m

Parallel
SAMPLE PLAN VIEW Runways

Figure 5.6 Profile View of the Scenario Flightpath

55

w \//;



Plan View of Flightpath

All plan views had the same basic features (Figure 5.7). That is, all leg distances, number
of turns, and turn radii were the same. All plan views were aligned to the center of a pair of
parallel runways and had two 'doglegs' from this initial heading; as if there were two
obstacles to performing a straight-in approach. Some features of the plan view varied.
Approaches were oriented to all four pairs of parallel runways. Each of the 'doglegs’ in the
path could be either to the left or right, independently, creating four configurations. These
variations, four initial headings and four configurations, defined sixteen possible plan views
(Appendix 5.8). Because the waypoints defined by these plan views occupied different
positions in physical space, waypoint names also varied for a given position depending on
the plan view (Appendix 5.9).

Functional Requirements of Scenario

The functional requirements of the scenario are described in terms of the pilot’s role,
flightpath management performance requirements, procedure performance requirements,
interrupting task requirements, and integration requirements as follows:

Pilot Roles

Subjects performed according to single-crew member operation rules; that is, subjects were
told to assume responsibility for performing both Pilot-Flyiagy(flightpath management,
FMS/CDU entry) and Pilot-Not-Flyinge(g.,communications, checklists) duties. The

scenario required single-crew member operation to increase workload and ensure intended
task loading on the subject.

Flightpath Management

The flightpath was designed to induce a specific profile of FPM difficulty over the scenario
(Figure 5.8). The flightpath contained three procedural legs of purported low-FPM
difficulty. These three low-FPM difficulty legs were separated by higher-FPM difficulty
legs. These higher FPM legs maximized independence of procedural legs, minimized
active rehearsal before procedural legs, and emphasized that procedures were to be
conducted entirely within the designated legs. Flightpath management demands were
designed to peak at waypoints to further emphasize procedural leg deadlines. Purported
FPM difficulty was designed by manipulating the number of parameters requiring
adjustment at any point in time, requiring subjects to use ACWS and manually manage
throttles, and requiring subjects to perform flightpath management actions in response to
PFD features.
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In addition, FPM difficulty and the time available in procedural intervals was controlled, to
some degree, across subjects by requiring specific FPM techniques:
(1) Crossing restrictions were to be accomplished by first descending and then, if
necessary, slowing only at 300" above the target altitude during the level-off.
(2) All descents were to be performed at idle power.
(3) All descents were to be performed at the specified FPA attitude for that interval.
(4) Flaps were to be taken according to the speed schedule.
(5) Turns were to be initiated only in response to thumbtack movement.
(6) On turns, the initial bank angle was to be approximately 20 degrees.
(7) Speedbrakes were to be avoided and used only to stabilize before procedural
intervals.

There were a few exceptions to these rules. The first crossing restriction required no
descent. The final descent to the runway required additional thrust to attain the adjusted
target speed for landing. Flaps 25 and 30 were not selected according to the speed schedule
but rather according to the FAF Procedure and upon seeing the runway was in sight,
respectively.

Procedure Performance

Figure 5.9 displays the procedural intervals on the flightpath profile view and provides a
task-level description of the TOD, 18K’, and FAF procedures. The 18K’ and FAF
procedures were designed to be isomorphic; that is, the flow of the tasks and the task types
were similar at each step. During preliminary testing of the scenario, it was evident that
performing these procedures without any form of external memory was, in addition to
unrealistic, unfeasible. A kneepad form was designed to allow restricted externalization of
memory items. This kneepad form contained ATC and company radio frequencies, and the
go-around EPR reference material, and provided blanks for noting other informatjon,

the tower frequency, altimeter, inoperative items, estimated local time of arrival (ETA),
destination gate, and adjusted target approach speed (Figure 5.10). Subjects were instructed
that notations on the kneepad forms, other than those required by blanks, would be
considered errors in performance. Subjects received a new kneepad form for each run with
different reference information. The following sections describe in more detail the
performance of these procedures. Appendix 5.10 provides an activity-level description of
each procedure.
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Performing the TOD Procedure

To accomplish the TOD procedure, the subject referred to the kneepad to tune the
company’s frequency, then the ATIS frequency, he listened to the ATIS (noting the
altimeter setting, braking conditions, and tower frequency on the kneepad form), tuned the
tower frequency, and obtained status information from the FMS/CDU (recording
inoperative items on the kneepad form). While the altimeter setting was obtained in the
TOD procedure, the subject actually entered the altimeter setting as the first task in the
18K’ procedure. In actual airline operations, braking advisories are only included in ATIS
if conditions are poor. In this experiment ATIS always advised whether runway braking
conditions were good, fair, or poor, corresponding directly to the level of autobrakes
required; minimum, medium, and maximum. Tower frequencies are normally obtained
from published approach plates. For this experiment, subjects were told that the published
tower frequencies were incorrect and that ATIS would convey the correct tower frequency
as a Notice to Airmen (NOTAM). Sets of items were selected for inoperative status such
that at least one redundant device for each system was operative. The subject was also told
that inoperative items would have no consequence for the aircraft’s operability due to this
redundancy.

Performing the 18K’ Procedure

To accomplish the 18K’ procedure, the subject first refereed to the kneepad form for the
appropriate altimeter setting and entered it in the CDU. The subject then informed the
airline company’s coordinating services of the inoperative items indicated on the STATUS
page and obtained gate information. After calling the company, the subject obtained ETA-
Zulu time (Greenwich mean time) from the FMS/CDU and converted it to ETA-local time
by subtracting five hours. The subject then reached to the overhead panel to turn on the
seatbelt sign. The next task was to inform the passengers that the Seatbelt sign was on, and
to provide the ETA and gate information. Following the cabin announcement, the subject
turned on the landing lights. Then the subject turned on the anti-skid and selected the
appropriate level of autobrakes. Subjects were instructed to select medium autobrakes if
they did not remember the braking conditions in the ATIS. Finally, the subject performed
the Approach checklist. Subjects were told to read the checklists aloud and to announce
that autobrakes were set to “default” if they were unable to remember the braking
conditions.

Performing the FAF Procedure

To accomplish the FAF procedure, the subject first referred to the kneepad for the
appropriate go-around (GA) EPR setting and entered it in the CDU. The subject then
conveyed the aircraft's location, the name of and distance to the next waypoint, to the tower
and obtained the landing winds. After the tower transmission, the subject obtained the
correct reference speed for the flaps 30 landing configuration (VRef30) from the FMS/CDU
and calculated the adjusted target speed. While normally it is adequate to estimate this
value, for this experiment the subject was asked to calculate it exactly using the following
formula:

(5.1) adjusted target speed = VRef30 speed + 0.5 * steady wind (knots).
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Subjects were to use this value as the target speed for the final leg of the scenario. After
calculating the adjusted target speed, the subject reached to the overhead panel and turned
on the no-smoking sign. The next task was to inform the passengers that the no-smoking
sign was on, and to prepare for landing. After completing the cabin announcement the
subject lowered the gear, armed the speedbrakes and selected flaps 25, a landing
configuration for this aircraft. Finally the subject performed the Final Descent checklist by
reading it aloud.

Procedure Performance Techniques

Subjects attempted to adhere to the following techniques when performing procedures:
(1) Procedures were performed in the appropriate flightpath interval.
(2) All tasks within each procedure were performed as specified in training.
(3) Tasks within each procedure were performed serially and in the specified order.
(4) The kneepad form were used in performing the procedures such that all specified
fields were filled and no other information was noted.

Interrupting Task Performance

The interrupting tasks (ITs) included: entering the initial approach, changing to the parallel
runway, setting up a holding pattern, and changing the crossing speed and altitude at the
missed approach fix. The following sections describe the performance requirements of each
interrupting task. Appendix 5.11 presents activity-level descriptions of the interrupting

tasks.

Entering the Initial Approach

Initial approach clearances were either auditory ATC calls or visual datalink screen
presentations. For an auditory presentation, the subject acknowledged the transmission by
returning a radio call to ATC. For a datalink presentation, the subject touched either the
ROGER or the STAND-BY label to koowledge the transmission. The subject selected
ROGER only if he intended to enter the approach in the FMS/CDU at that time. To enter
the initial approach, the subject accessed the Departure/Arrivals page in the CDU by
pressing the DEP/ARR key, selected the Arrivals page, selected the appropriate runway,
executed this revision by pushing the EXEC key, and finally returned to the Legs page.
Upon executing this revision, the FMS/CDU revised the path to include the approach point,
a touchdown point, and a missed approach fix associated with the desired runway. The
initial runway was always one of the two parallel runways associated with the initial
flightpath heading.

Changing Runways

Auditory ATC calls introduced runway changes. Runway changes were always a sidestep
to the parallel runway. To change a runway, the subject accessed the Departure/Arrivals
page in the CDU by pressing the DEP/ARR key, selected the Arrivals page, selected the
new runway, executed this revision by pushing the EXEC key, and finally returned to the
Legs page. Upon executing this revision, the FMS/CDU revised the path to change the
approach point, touchdown point, and missed approach fix to that for the new runway.

63



Setting up a Holding Pattern

Auditory ATC calls introduced requests to set up a holding pattern in the CDU. These ATC
calls always requested holding patterns to be set up at the missed approach fix. Holding
pattern requests always followed the standard hold pattern already set in the CDU: that is,
all holding patterns had right-turns and 1 minute legs. Subjects did not need to alter any of
these parameters. To set up a holding pattern, the subject pressed the HOLD key on the
CDU, selected the missed approach fix as the holding waypoint, executed this revision by
pushing the EXEC key, and finally returned to the Legs page. Upon executing this
revision, the FMS/CDU added four waypoints to the path between the touchdown point and
the missed approach fix. These four waypoints defined the corner-posts of the holding
pattern.

Changing Speed and Altitude Crossing Restrictions

Auditory ATC calls introduced requests to change altitude and speed restrictions. These
ATC calls only requested changes to the restrictions at the missed approach fix. To change
a crossing restriction, the subject typed the new restriction value into the FMS/CDU (typing
a “/” after the value if it was a speed change), selected the missed approach fix on the last of
the Legs pages, executed this revision by pressing the EXEC key, and finally returned to the
first Legs page. Altitude changes required subjects to enter four digits. Speed changes
required subjects to enter three digits followed by a backslash.

Interruption Performance Techniques

Subjects were required to acknowledge any interruption annunciation before taking any
action to accomplish the interrupting task. For the aurally-presented interrupting tasks,
subjects acknowledged by selecting the COM1 frequency for transmission and repeating the
informative elements of the announcement for verification. For the visually-presented
interrupting tasks, subjects acknowledged by touching either tABIB-BY or ROGER

label on the datalink screen. Subjects were required to perform interrupting tasks according
to the specified keystroke method.

Integration Requirements

Subjects were substantially restricted in how they conducted flightpath management,
procedure performance, and interrupting task performance. Subjects were less constrained
as to how they integrated the different aspects of the scenario. The three constraints on task
integration were: (1) Procedures were to be performed wholly in the specified procedural
intervals, (2) Flightpath deviations were to be nullified before beginning procedures or
interrupting tasks, (3) All procedural tasks and any interrupting tasks that occur were to be
finished prior to the next non-procedural interval.

Experimental Protocol

Subjects were mailed two items to complete before arriving for the experiment. Subjects
participated in the experiment for two days. Subjects were trained on the first day and
performed testing trials on the second day. The items in the pre-test mailer and the protocol
for days 1 and 2 of the experiment are described below.
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Pre-Test Mailer Items

The pre-test mailer included the subject background questionnaire (Appendix 5.12) and the
task ordering exercise (Appendix 5.13). The subject background questionnaire obtained
information about each subject’s aviation experience, education, and demographic
information. The Task Ordering exercise required subjects to order the tasks constituent to
the TOD, 18K’ and FAF procedures in the context of the experimental scenario’s flightpath
profile and a single-crew-member operation.

Day 1 Protocol

Subjects received a full day of instruction and training, divided into two phases (Table 5.1).
Phase 1 occurred in a briefing room and familiarized the subject with the objective
performance requirements of the scenario. Phase 2 occurred in the TSRV simulator and
developed psychomotor skills for using the sidestick controller and following PFD
guidance, and reinforced scenario objective performance requirements in context. The
following sections briefly describes the training regime.

Phase 1 Training

The goal of training phase 1 was to provide an introduction to the TERWFD display
features, flightpath management performance requirements, and the procedures and
interrupting tasks associated with the scenario. The experimenter provided phase 1 training
information. The following sections briefly describe the phase 1 training process.

Welcome & Introduction

The experiment was introduced to the subject as an experiment in individual differences in
a high-workload task environment, the goal of which was to characterize the manner in
which pilots integrate manual flight performance, procedural flight deck tasks, and
interrupting tasks during approach and descent. The introduction emphasized that the
scenario was designed to be high-workload and that some aspects of the scenario were
somewhat artificial. The subject received a description of the experiment’s schedule and
the measures to be collected. Finally the subject signed an informed consent form.

Introduction to Simulator & PFD Display Features

In this section of phase 1 training, the subject received an overview of the TSRV-IIC
flightdeck and the TSRV-IIC's PFD display features. First, the subject was presented with a
static picture of the TSRV-IIC flightdeck and the experimenter reviewed its major
components. The subject then watched a videotape that described each of these
components in detail and highlighted their usage in the experiment.
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Table 5.1 Day 1 Experimental Protocol.

Day 1 Activity min. Start  Stop
Subject Arrives / Welcome 10 0800 0810
Training Phase 1: TSRV Overview, PFD, Flightpath Management 60 0810 0910
Break 10 0910 0920
Training Phase 1: Procedure Performance 90 0920 1050
Break 10 1050 1100
Training Phase 1: Interrupting Task Performance, Review 30 1100 1130
Break 5 1130 1135
Physiological Sensor Placement 15 1135 1150
Lunch 45 1150 1235
Training Phase 2: Flightpath Management (runs 1,2,3) 60 1235 1335
Break 10 1335 1345
Physiological Apparatus & Sensors Connected 10 1345 1355
Subjective Evaluation of Workload (runs 4,5,6) 60 1355 1455
Physiological Apparatus & Sensors Disconnected 5 1455 1500
Break 10 1500 1510
Off-line Procedure/Incidental Task Training: (runs 7,8) 50 1510 1600
In-context Procedure Training: (runs 9,10) 45 1600 1645
Break 10 1645 1655
Physiological Apparatus & Sensors Connected 10 1655 1705
Whole-Scenario Training: (runs 11,12,13) 60 1705 1805
Physiological Apparatus & Sensors Disconnected 10 1805 1815

negotiating turns (Appendix 5.15). The subject watched a videotape segment of the PFD
and ND during the scenario’s final 4000’ level-off and landing to reinforce these concepts.
An expert pilot narrated this videotape describing how PFD display features are used in
vertical and lateral tracking.

Introduction to Flightpath Management Performance

The subject received figures and text describing the scenario’s terminal environment,

profile view, and plan views. The subject was told to assume that AKRA International
airspace had been cleared and to expect to perform the approach as preprogrammed in the
FMS/CDU. The subject received detailed descriptions of the techniques required for
successful flightpath management performance and rules for anticipating guidance in the
PFD (Appendix 5.16). Finally, the subject viewed a videotape of the PFD and ND as an
expert pilot narrated the techniques and PFD guidance for the entire scenario. The subject
was encouraged to refer to the profile view and rules for PFD guidance, while watching this
videotape.

Introduction to Procedure Performance
The subject received a figure depicting the location of the three procedural intervals on the
flightpath profile, definitions of the three procedures at the task and activity levels, and an
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example of the kneepad form. The subject also received a description of how to perform
each of the three procedures, how to use the kneepad form, and the general techniques
required for successful procedure performance. A videotape, narrated by an expert pilot,
demonstrated correct performance of each procedure in the context of its flightpath interval.
Following these descriptions, subjects practiced each procedure using a mock-up of the
TSRV-IIC flightdeck, and actual kneepad forms. The experimenter simulated
communications from other agents/mechanisms in the scenario. Subjects practiced each
procedure until they were able to perform all three procedures from memory, without error
twice. Following this practice, the subject was asked to complete the sequential coupling
task with respect to performing the tasks as instructed and using the TSRV-IIC equipment
and experimental materials (Appendix 5.17).

Introduction to Interrupting Task Performance

The experimenter informed the subject that, in order to make the scenarios more realistic
and dynamic, ATC communications may require him to accomplish additional, “incidental”
tasks. The experimenter informed subjects that these incidental tasks were so termed not
because they were unimportant, but because they would occur at unspecified times
throughout the scenario. The subject received a text description, a table describing activity-
level performance, and a narrated videotape segment as instruction for performing each
incidental task. The subject practiced performing incidental tasks on a TSRV-IIC mock-up
simulator until able to perform each without error twice.

Review of Performance Requirements
Phase 1 of training concluded with a review of the techniques that defined successful
performance for each aspect of the scenario and for integrating scenario aspects.

Phase 2 Training

The second phase of training occurred in the TSRV and reinforced Phase 1 instruction in
context. Phase 2 presented subjects with the three aspects of the scenario, flightpath
management, procedure performance, and interrupting task performance, hierarchically.
First, subjects practiced FPM techniques and then rated the difficulty of FPM over the
scenario. Subjects then performed the three procedures in the context of the scenario’s
FPM requirements. Finally, subjects performed the complete scenario; including FPM,
procedures, and interrupting task performance requirements. Both the experimenter and an
expert pilot provided information during phase 2 training. The expert pilot was responsible
for training subjects on FPM techniques in early runs, and for assessing FPM performance
during all runs. The experimenter was responsible for training subjects on procedural and
interrupting task performance. During phase 2, subjects were instrumented to collect
physiological data for a related study.

Accommodation to Simulator
Upon arriving in the TSRV, subjects were quickly re-introduced to the major elements in
the simulator and made adjustments to the seat and rudder pedals.
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Flight Path Management Training

One of the expert pilots served as the FPM trainer during phase 2. Before beginning each
of the flightpath management training runs, the trainer performedititepath

Management Reviewxercise (Appendix 5.18) with the subject to reinforce use of PFD
display features and required FPM techniques. On the first run, the trainer provided
standard information on FPM techniques at specific points in the flightpath (Appendix 5.19)
and customized instruction on compensatory FPM techniques when necessary. Prior to the
second and third runs, the trainer performed the Flight Path Management Review again with
the subject. During the second and third runs, the trainer encouraged the subject to provide
verbal protocols during the runs. The trainer provided only attention-directing and
compensatory instruction during these two runs, withdrawing more on each successive run.

Subjective Difficulty Assessment

During the next three runs, the subject provided subjective assessments of flightpath
management difficulty at point estimates of approximately 1 nm intervals along the
flightpath. The subject rated flightpath management difficulty using the Bedford scale
(Lysaghtet al. 1989) (Figure 5.11). The Bedford scale obtained subjective judgments about
workload based on ability to complete tasks and the amount of spare capacity available
(Lysaghtet al.1989). " The experimenter presented the Bedford scale for review and
instructed the subject on its usage. The subject was instructed to provide a subjective
rating upon hearing the experimenter say the word "rating". In response to this prompt, the
subject provided a Bedford rating indicating the perceived spare capacity available to
perform an additional task at the time of queny, to answer an ATC call to modify a

crossing restriction in the FMS/CDU. The experimenter instructed the subject to respond as
soon after the query as possible while using the scale. The scale was displayed on a card
placed over the checklist CRT, within easy view, during the assessed runs. The
experimenter instructed the subject to not talk during these runs other than to provide
subjective assessment ratings. The trainer observed the subject from a remote location
during these three runs, and provided critique of FPM performance at the conclusion of
each run.

Procedure Training

Prior to actually performing the procedures, the subject reviewed the procedures and
familiarized himself with performing the procedures using the actual I8BR¥quipment.

The subject performed two runs in which he performed each of the procedures and each of
the interrupting tasks twice without attending to flightpath management. On the second of
these context-free runs, the experimenter encouraged the subject to perform the procedures
and interrupting tasks as rapidly as he could without error.
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Workload Description Rating
- Workload insignificant 1
- Workload low 2
o | Enough spare capacity forall | 3
o desireable additional tasks
Insufficient spare capacity
YES - for easy attention 4
to additional tasks
Reduced spare capacity;
Wszsti\s"f'gggsd NO | attentional tasks can't be given | 5
without desired amount of attention
reduction? Little spare capacity;
> level of effort allows little 6
attention to additional tasks
Very little spare capacity
»| but maintenance of effort in 7
the primary task not in question
Very high workoad with almost
V\tl(:;llzr\g/glr: If%ard NG »| No spare capacity. Difficulty 8
the task? in maintaining effort level
Extremely high workload. No
»| Spare capacity. Serious doubts | 9
on ability to maintain effort level
Was it possible NO Task abandoned. 10

to complete

the task?

Pilot Decisions

Unable to apply sufficient effort.

Figure 5.11 The Bedford Scale (Lysaghtl.1989)
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After practicing the procedures four times during the previous two runs, subjects performed
two runs in which they both managed the flightpath and performed procedures. During
these runs, the trainer observed from another room and the experimenter sat in the right
seat. The experimenter intervened only in the event of a serious flightpath management
problem, or to correct errors in procedure performance. The trainer provided a critique of
flightpath management performance at the conclusion of each run and the experimenter
reviewed procedure and interrupting task performance.

Interruption Management

The final segment of the phase 2 training regime provided the subject with three runs of the
full scenario; including the flightpath management, procedure performance, and
interruption integration. The trainer and experimenter acted in the same capacity as in the
previous two runs. The three whole-scenario runs provided the subject with an instance of
each interruption type and demonstrated early and late interruption positions in procedures
(Table 5.2). The trainer provided a critique of flightpath management performance at the
conclusion of each run and the experimenter reviewed procedure and interrupting task
performance.

Table 5.2 Composition of Phase 2 Whole-Scenario Runs

Run # Procedure Interruption Task Type Interruption Position

11 TOD Initial Runway- Auditory Before TOD Interval
18K’ Change Runway Within Approach checklist
FAF Change Speed Restriction Within Go-Around EPR setting

12 TOD Initial Runway- Visual After tune tower frequency
18K’ Establish Hold Pattern Within Altimeter setting
FAF Change Runway After Flaps 25 are set

13 TOD Initial Runway- Auditory Within obtaining Status
18K’ Establish Hold Pattern Before 18K’ Procedure
FAF Change Altitude Restriction Within Final Descent checkilist

Take-Home Materials

The subject received excepts from the phase 1 training manual as a take-home reference.
These excerpts summarized the performance requirements for the three aspects of the
scenario; flightpath management, procedure, and interrupting task performance. The take-
home package also included an annotated figure of the scenario’s profile view, a sample
kneepad form, and activity-level task analyses of the procedures and interrupting tasks.

Day 2 Experimental Protocol

Day 2 began with a review of scenario requirements, and allowed subjects three refresher
runs before beginning data collection (Table 5.3).
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Review of Scenario Requirements

Upon arriving, each subject reviewed performance requirements for the scenario then
conducted the Flightpath Management Review. Finally, the experimenter reviewed
procedure performance with the subject, asking him to recite each of the procedures from
memory. The experimenter informed subjects of any errors in their recitation and provided
subjects with a description of the procedures at the task level to review.

Table 5.3. Day 2 Experimental Protocol

Day 2 Activity min. Start  Stop
Subject Arrives 0745 0750
Scenario Review 15 0750 0805
Refresher Trials (runs 14,15,16) 60 0805 0905
Break 10 0905 0915
Testing Unit 1 (runs 17,18,19,20) 80 0915 1035
Break 15 1035 1050
Testing Unit 2 (runs 21,22,23,24) 80 1050 1210
Lunch 50 1210 1300
Testing Unit 3 (runs 25,26,27,28) 80 1300 1420
Break 15 1420 1435

Testing Unit 4 (runs 29,30,31,32) 80 1435 1555

Refresher Runs

Upon arrival to the simulator, the subject was reminded that the experimenter would not be
able to answer any questions during a run but might need to intervene if a problem occurred
with the simulation. The three refresher runs, runs 14, 15, and 16, exposed subjects to each
interruption type. On run 14, the experimenter corrected FPM as well as procedure and
interrupting task performance errors as soon as they were committed. Errors committed
during runs 15 and 16 were discussed at the conclusion of run 16.

Testing Runs

During a testing run, the experimenter interacted only with the simulated ATC approach
control, ATC tower, and company coordinating services. To save time, subjects landed
only on run numbers 16, 20, 24, 28, and 32; however if a landing appeared extremely
unstable, the experimenter aborted the simulation early and asked the subject to land on the
next run. The subject was told that he would not be landing on all the runs in order to save
time, but was not informed which runs would require landing. On non-landing runs, the
experimenter informed the subject that the run was over shortly after flying beyond the
approach point and the simulation was reset. The next simulation run began after the
experimenter reset simulation switches, changed the ATIS information tape, provided the
subject with a new kneepad form, and the subject indicated he was prepared to begin again.
The average inter-run period was approximately three minutes. Subjects performed 16 data
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collection runs in four sets of four. Subjects received a 15 minute break after the first set of
runs, approximately an hour lunch break after the second set of runs, and another 15 minute
break after the third set of runs.

Experimental Conditions and Run Definitions

Experimental conditions were defined by the interrupting task and the point in the
procedure at which the interruption occurs, the interruption position. The following
sections describe pertinent characteristics of the interruptions, the interruption positions,
their interaction to define experimental conditions, and the arrangement of experimental
conditions to define experimental runs.

Interrupting Tasks

The five interrupting tasks required subjects to: (1) Enter the initial runway for the approach
(IR), (2) Change to a parallel runway (CR), (3) Amend the flightpath to include a standard
hold pattern at the missed approach fix (EH), (4) Change the crossing altitude for the
missed approach fix (CA), and (5) Change the crossing speed for the missed approach fix
(CS). The IR interruption had two variants; one condition was presented aurally (IRA) as a
radio call, the other was presented visually (IRV), as a datalink message. The performance
requirements for these interrupting tasks were previously described. This section
emphasizes the construction of the interrupting tasks.

While this experiment investigated some factors hypothesized to affect interruption
management, other factors were left unexplored. To minimize any effects these unexplored
factors may have on interruption management, interrupting tasks were designed to be
similar in several respects. These controlled characteristics included; modality of initial
alert, urgency, announcement time, performance requirements, and the equipment interface.
Subjects were initially alerted to all interrupting tasks by a voiced message. All interrupting
tasks required changes in the terminal area and were therefore assumed to imply the same
urgency. All interrupting tasks were FMS/CDU tasks, with approximately the same number
of keystrokes, and the same structure (Appendix 5.20). Other characteristics were designed
into the interruption task set to define certain experimental conditiensnodality of the
interruption message, and similarity or dissimilarity to the interrupted task. The task set
was designed such that IRA, CR, and EH could be considered replicates. IRA and IRV
were designed to differ only in the modality of the interruption message. CA and CS were
designed to differ only in the conceptual difference of changing altitude versus changing
speed.

Interruption Positions

Most characteristics of interrupting tasks were designed to be constant. Experimental
conditions were defined by interjecting these interruptions at different interruption
positions. Several interruption positions were defined for each of the three procedures.
Test conditions in the TOD procedure interjected interruptions at the following positions;
before the subject performed the procedure, between two procedural tasks, within an
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auditory task, and within a visual task. Interruptions could be interjected at seven
interruption positions in the 18K’ procedure; before the subject started the procedure, after
the subject finished the procedure, within a procedural task, and between physically-
coupled, functionally-coupled, and uncoupled sequential procedural tasks. The FAF
procedure was also interrupted in seven places. As the 18K’ and FAF procedures were
structurally isomorphic, so too were the interruption positions for these two procedures.
Intervention positions in the FAF procedure were before the subject started the procedure,
after the subject finished the procedure, within a procedural task, and between physically-
coupled, functionally-coupled, and uncoupled sequential procedural tasks. Further, FAF
interruption positions were in the same order and relative position as the 18K’ interruption
positions. In addition to these intervention positions, two null conditiansuninterrupted
procedure conditions, were constructed for each procedure.

Experimental Conditions

Experimental conditions were defined by pairing interrupting tasks with interruption
positions (Appendix 5.21). Condition numbers contain the replication number, as the tens
digit; the procedure number, as the ones digit; and an ordinal index of the experimental
condition within this procedure, as the decimal component. These decimal values indicate
both interruption conditions, by decimals values of 0.01 to 0.10, and uninterrupted
conditions, by decimal values of 0.11 and 0.12. The set of experimental conditions tested
was reduced from the originally designed set to accommodate time constraints, and
therefore the decimal values of condition numbers’ are not continuous.

Composition of Runs

Each run included three experimental conditions, one in each of the three procedural
intervals (Appendix 5.22). Runs 1 through 13 were used for training. Of this set, runs 1-10
were uninterrupted to allow subjects to practice flightpath management and then FPM and
procedural performance unimpeded by interruption training. Runs 11, 12, and 13 include
interruptions in the scenario. Runs 14, 15 and 16 were refresher runs. Runs 17 through 32
were testing runs. The 16 testing runs were constructed as two replication blocks of eight
runs. Blocks A and B provided exact replicates for the TOD conditions. Blocks provided
guasi-replicates for 18K’ and FAF conditions, with one exception. For conditions in the
18K’ and FAF procedures with decimal values of 0.03, blocks were not considered replicates
as they were provided different levels of the similarity factor. Two run-lists were
constructed and assigned to subjects alternately to counterbalance any order effect for the
first and last half of the testing runs. Subjects receiving run-list 1 performed testing runs in
block A then testing runs in block B. Subjects receiving run-list 2 first performed testing
runs in block B then testing runs in block A. The allocation of paths to runs was the same
for blocks A and B.

Refresher runs were designed to expose subjects to each interruption and to relatively early
and late interruption positions in each procedure. Within each of the A and B blocks,
experimental conditions were assigned according to several design rules. Only one of any
interruption type occurred in a run. Uninterrupted conditions were combined to provide one
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completely uninterrupted rymer block. Additional uninterrupted conditions were

positioned to provide at least one uninterrupted procedure every other run. Experimental
conditions were assigned within runs to minimize interference between proceduyes;

late condition was not followed by an early condition in the next interval. Visual
interruptions were maximally spaced in blocks A and B. Finally paths were allocated to runs
such that, with one exception, neither runway nor path configuration were the same for any
consecutive pair of runs. The exception exists in both block A and B, for runs 23 and 24,
and for runs 31 and 32. In this exception the path shape differs but the path is still oriented
to runways 1 left and right.

Dependent Measures

Measures collected to assess these scenario features are described in addition to those
measuring interruption management performance in general and in response to task factor
manipulations.

Scenario Assessment Measures

Several measures were collected to test scenario assumptions. These measures described:
(1) subject perceptions of FPM difficulty during the scenario, (2) the ability of subjects to
perform the scenario’s FPM requirements, (3) consistency of the designed procedures with
subject task orders, (4) subject perceptions of coupling-strength and coupling type for the
six coupling factor conditions.

Measuring Perceived FPM Difficulty

Subjects’ perceptions of FPM difficulty were provided as Bedford scale ratings, integers
from 1 to 10. These values were averaged for each subject over pre-defined flightpath
regions (Figure 5.8). An overall perceived-FPM-difficulty score for each flightpath region
was obtained by averaging over all subjects.

Measuring FPM Skills

FPM performance criteria were defined for altitude, speed, and lateral deviations when
crossing a waypoint. These criteria required deviations of less than: 200 feet altitude, 10
knots of calibrated airspeed, 0.5 dot on the horizontal path deviation indicator scale (1875
feet). Three FPM performance criteria measures were constructed:

1) Altitude Deviation Criterion (ADC) ;
(5.2) ACD = max [ (| | Altitude-Deviation | - 200 | ), 0]

2) Speed Deviation Criterion (SDC);
(5.3) SDC = max [ (| | Speed-Deviation | - 10| ), 0]

3) and Lateral Deviation Criterion (LDC);
(5.4) LDC = max [ (| | Lateral-Deviation | - 1875 | ), 0 ].
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In addition to these criteria measures, absolute altitude, speed, and lateral deviations were
collected at each waypoint.

Measuring Perceived Coupling-Strength and Type

For each of the six experimental conditions for the coupling factor, subjects provided a
rating of coupling-strength as an integer from one to five (see Appendix 5.17). Subjects
also noted the form of coupling if they perceived coupling strength to be greater than a
rating of three.

Interruption Management Measures

Dependent measures reflected three of the effects defined by the interruption management
model, distraction, disturbance, and disruption. No measures were taken of effects on
diversion. These measures are described below and summarized in Table 5.4.

Measuring Distraction

Distractibility of the ATC interruptions was measured by pilots’ acknowledgment times to
the interruptions. Interruption acknowledgment time was the elapsed time from initial
announcement of the interruption to the event signaling subject’s acknowledgment of the
interruption’s content. For aurally-presented interruptions, this event was the first open-
microphone event following the interruption. For visually-presented interruptions, this
event was the first response selection on the datalink touchscreen.

Measuring Disturbance

Interruption disturbance was associated with four dependent measures; interruption
initiation time, interruption performance errors, procedure resumption time, and
standardized resumptive FPM activity. Interruption initiation time was defined as elapsed
time from the acknowledgment event to the first event required to perform the interrupting
task. For all interrupting tasks, this first event required subjects to press a key on the
FMS/CDU. Several forms of errors were defined to describe accuracy of interruption task
performance. These interruption performance errors included; not acknowledging the
interruption, beginning interruption task performance before acknowledging it, not
executing the FMS/CDU revision, not returning to the Legs page on the FMS/CDU,
returning to the Legs page before executing the revision, and selecting or entering an
incorrect item or value. Resumption measures, procedure resumption time and resumptive
FPM activity, were demarcated by two events; the last event required to perform the
interrupting taski.e., returning to the Legs page on the FMS/CDU, and the next constituent
event of the ongoing procedure. If the subject did not return to the Legs page or did not
perform any procedural events after returning from the interruption, these resumptive
measures were not defined. Resumptive FPM activity measured the number of sidestick
controller inputs in this interval standardized by the length of this interval. Increased
resumptive FPM was interpreted as a fidget response indicating interruption disturbance.
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Measuring Disruption

Three measures evaluated the degree to which an interruption disrupted an ongoing
procedure; procedure performance errors, ensemble performance time, and ensemble FPM
activity. Procedure performance errors included; task omissions, task order errors, and
performance of extraneous tasks. These error forms combined to form a single count of
procedure performance accuracy. The ensemble interval started with either the first event
required for the procedure or the first event required for the interruption, and ended with
either the last event associated with the procedure, or the last event associated with the
interrupting task, which ever occurred first. The ensemble interval for interruptions before
the subject started the first procedural task conditions, those with a condition decimal value
of 0.02, began with the first event required to perform the interruption and ended with the
last event required to perform the procedure. The ensemble interval for interruptions after
the subject finished the last procedural task, those with a condition decimal value of 0.10,
began with the first event required to perform the procedure and ended with the last event
required to perform the interruption. For all other interruption conditions, the ensemble
interval began with the first event required to perform the procedure and ended with the
latter of the last events required to perform the interruption or the procedure. If either the
starting or terminating conditions were missing, the ensemble performance measures were
declared missing. Ensemble performance time measured the performance time of the
integrated interruption and procedure. Standardized ensemble FPM activity counted the
number of sidestick controller events contained in the ensemble interval.

To ascertain the temporal effect of interruptions on performing procedural tasks, ensemble
performance times, for which interruptions occurred within a procedure, were compared to
constructed “composite” times. Composite times were constructed by adding the average of
uninterrupted procedure times and interruption performance times for all possible subject,
procedure, and interrupting task triplets to eliminate effects of these variables. Interruption
conditions in which the interruption occurred before the subject started procedure
performance, those with condition decimal values of 0.02, were used to construct composite
times.
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Table 5.4. Interruption Management Dependent Measures

Interruption Effect Dependent Measure Relationship
Distractibility Interruption Acknowledgment time inverse
Disturbance Interruption Initiation Time direct
Interruption Performance Errors direct
Procedure Resumption Time direct
Resumptive FPM Activity direct
Disruption Procedure Performance Errors direct
Ensemble Performance Time direct
Ensemble FPM Activity direct
Analyses

Analyses are presented for testing design and training assumptions, characterizing the
effects of interruptions generally, and evaluating the effects of task factor manipulations on
interruption management performance measures. Analyses performed for other purposes
are reinterpreted for significant individual difference effects.

Validating Scenario Design Assumptions

Preliminary analyses confirm design and training assumptions. Subjects are assumed to
experience the FPM difficulty profile as designed. Subjects are assumed to be adequately
trained on FPM skills. Procedures are assumed to be consistent with subject task orderings.
Subject coupling-strength ratings and type assignments are assumed to be consistent with
designed levels.

Flightpath Management Workload Profile

A full factorial analysis of variance assessed whether the designed difficulty ratings
significantly account for variability in averaged Bedford ratings for all subjects, that is not
accounted for by subject or run variability or interaction terms. Run number and design-
level were fixed factors in this analysisScheffépost-hoctests on Bedford rating means by
design-level were examined to determine if perceived FPM difficulty increased

significantly for each step increase in design-level. In particular, a contrast on means
examines whether subjects perceived non-procedural intervals significantly less demanding
than non-procedural regions. The same analyses were conducted on each subject’s data

" The parametric analysis of variance provides a conservative analysis of this rating data and allows for a
convenient multi-factor partitioning of effects.
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individually to determine the degree to which individual subjects experienced the FPM
difficulty levels as intended.

Assessing FPM Training

Subject flightpath management skills were evaluated for evidence that they had reached
FPM criterion before adding procedure and interruption performance to the scenario,
retained this skill in whole-scenario runs, and remained at a fairly constant level of FPM
over testing runs. Each subject’s ADC, SDC, and LDC values were calculated for
waypoints in runs 4, 5, and 6 and were analyzed with a two-igst against a

hypothesized mean of zero. This analysis was repeated on deviations during runs 15 and 16
to determine if subject FPM skills were within criterion prior to testing runs. Analyses of
variance were conducted on absolute speed, altitude, and lateral deviations on runs 15 and
16 to determine if subjects significantly differed in FPM skill prior to testing runs. The
stability of subject FPM skills were evaluated by regressing run number on the absolute
value of altitude, speed, and lateral deviations separately. Twotdiests on the slopes of
these regressions tested whether these slopes statistically differed from zero to indicate
stability over runs.

Procedure Design

The designed task order resulted from an ordinal enumeration of procedural tasks as they
existed in the TOD, 18K’, and FAF procedures and concatenating these procedures in order
of their performance in the experimental scenario. This designed task order was compared
to each subject’s task order using KenddHs statistic. In addition, the task orders

provided by subjects were analyzed for consistency of opinion using Kendell's Coefficient
of Concordancay.

Coupling-strength Assessment

Coupling-strength ratings were analyzed by a mixed-model, full factorial analysis of
variance of the form; 14 (Subjects® (Procedure Legs: 18K’, FAK) 3 (Hypothesized
Coupling-Strength: Low, Medium, High); to determine if subject coupling-strength ratings
were consistent with hypothesized levels. Procedure Leg and Coupling-type were
considered fixed, within-subject factors. Coupling-type assignments were analyzed across
subjects to determine if conditions were perceived as the intended type. A Friedman non-
parametrid--test was conducted on possible type-assignments for each coupling condition
to determine if subjects identified coupling-types consistently with assumed types

General Interruption Management Effects

Analyses were designed to describe characteristics of interrupting task performance and to
ascertain the effects of interruption on performing procedures on the flightdeck. Constraints

® The non-parametric Friedman test was used to analyze coupling rating scores for a more sensitive univariate
analysis for each coupling condition type.
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on simulation availability and experimental run time necessitated far fewer uninterrupted
experimental conditions than interrupted experimental conditions, introducing a potential for
outliers in the uninterrupted condition data to bias results with more leverage than outliers in
the interrupted condition data. The data partitioning scheme and statistical models for these
analyses are provided in Appendix 5.23. Appendix 5.24 uses the same data partitioning
scheme to indicate the allocation of path types to experimental factors. While path types are
not counterbalanced for each analysis, the orientation and configuration of paths is irrelevant
to performance within each of the straight procedural legs.

General Effects on Interrupting Tasks

Performance of realistic interrupting tasks is characterized by mean tables of
acknowledgment time, initiation time, and interruption performance errors over all
interruption conditions and subjects. Analyses of variance on these measures indicated the
degree to which different experimental interruption conditions and subject variability are
significant.

General Effects on Procedure Performance

Three analyses evaluated the disruptive effects of interruptions on ongoing task procedure. A
two-sided, paired-test evaluated whether the difference ensemble times and composite times
significantly differed. Not all conditions were included in this analysis. Interruption

conditions in which the interruption precedes procedure performance, for which decimal
condition values are 0.02, were not included in the time comparisons because interruption
performance times for these conditions were used to construct composite times. Interrupting
tasks that were never performed external to the procedures were not included because
composite times could not be constructed for them. Omitted conditions included those
requiring subjects to change speed or altitude restrictions (12.03, 22.03, 13.03, 23.03) or were
visually-presented (11.06, 21.06, 11.08, 21.08).

The effects of interruption on procedure performance étrerssemble performance time and
standardized ensemble FPM activity were each considered in a mixed-model, full factorial
analysis of variance; 14 (Subjecks® (Procedure Leg: TOD, 18K’, FAK) 2 (Condition:
Interrupted, Uninterrupted). The Procedure Leg and Condition factors were considered fixed,
within-subject variables. All experimental conditions were included in these analyses. In
particular, general analyses of interruption effects include conditions 11.02, 21.02, 11.03, and
21.03 to equalize the number and diversity of interrupt conditions in each procedural leg.
These conditions, however, were not included in analyses of specific task factors. Table 5.5
displays the levels and experimental conditions for these analyses.

° Analyses of variance were conducted for all analyses of interruption error rate data because condition cells
were insufficiently populated to calculaté statistics. The analysis of variance for error rate data provides a
conservative estimate of significance.

' Analyses of variance were conducted for all analyses of procedure error rate data because condition cells
were insufficiently populated to calculaté $tatistics. The analysis of variance for error rate data provides a
conservative estimate of significance.
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Table 5.5. Levels and Experimental Conditions for Testing Effects of Interruptions.

Procedure Leg Interrupted Conditions Uninterrupted Conditions

TOD 11.02, 21.02, 11.03, 21.03, 11.05, 21.0511.11, 21.11, 11.12, 21.12
11.06, 21.06, 11.08, 21.08, 11.09, 21.09

18K’ 12.02, 12.03, 12.05, 12.06, 12.07, 12.1012.11, 22.11, 12.12, 22.12
22.02, 22.03, 22.05, 22.06, 22.07, 22.10

FAF 13.02, 13.03, 13.05, 13.06, 13.07, 13.1013.11, 23.11, 13.12, 23.12
23.02, 23.03, 23.05, 23.06, 23.07, 23.10

Effects of Task Factors on Interruption Management

Constraints on simulator availability and experimental run time required an efficient data
collection scheme. For this reason, some experimental conditions operationalize more than
one level of the set of hypothesized task factors. The contribution of experimental
conditions to each hypothesized factor is presented in Table 5.6. While the data collection
scheme is essentially nested in some places, the effects of task factors on interruption
management performance were ascertained using separate analyses of variance for each
factor. Using separate analyses is acceptable given that the nested factors are fixed. In
addition, by analyzing experimental conditions in separate analyses, potential
intercorrelations due to run construction sequences are minimized. This section presents
the experimental designs and experimental conditions used in each analysis. Statistical
models for these analyses are provided in Appendix 5.23.
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Table 5.6. Task Factor Experimental Conditions

Experimental

Modality

Goal-Level of

Coupling Similarity Environmental

Condition (Task/Interrupt) Interruption Position-Strength Stress

11.05, 21.05 Aural/Aural

11.06, 21.06  Aural/Visual

11.08, 21.08 Visual/Visual

11.09, 21.09 Visual/Aural

12.02, 22.02 Outside Procedure Low
12.03 Within Task Similar
22.03 Within Task Dissimilar

12.05, 22.05 Between Tasks Low

12.06, 22.06 Between Tasks High

12.07, 22.07 Between Tasks Medium

12.10, 22.10 Outside Procedure

13.02, 23.02 Outside Procedure High
13.03 Within Task Dissimilar
23.03 Within Task Similar

13.05, 23.05 Between Tasks Low

13.06, 23.06 Between Tasks High

13.07, 23.07 Between Tasks Medium

13.10, 23.10 Outside Procedure

Effects of Modality on Interruption Management

Effects of task and interruption modality on interruption management dependent measures

were considered in mixed-model, partial factorial analyses of variance of the form; 14
(Subjects) 2 (Task Modality: Aural, Visualx 2 (Interruption Modality: Aural, Visuaby 2
(Replication). Interaction terms were included for: Subjgctssk Modality, Subjects
Interruption Modality, Task Modality Interruption Modality, and SubjecxsTask
Modality X Interruption Modality. Task and Interruption Modality factors were fixed,
within-subject variables with two datuper subjectper condition. Scheff@ost-hoctests

were conducted on significant task modality and interruption modality main effects. In
addition, a planned contrast of means was conducted to compare same-modality (both task
and interruption auditory or both visual) with cross-modality (task and interruption
modalities different) conditions. Table 5.7 displays the levels and experimental conditions
used to test the effects of modality.

81



Table 5.7. Levels and Experimental Conditions Testing Modality Effects.

Task Modality

Interruption Modality Visual Aural
Visual 11.08, 21.08 11.06, 21.06
Aural 11.09, 21.09 11.05, 21.05

Effects of Goal-Level on Interruption Management

Effects of interruption position goal-level on interruption management dependent measures
were considered in mixed-model, partial factorial analyses of variance of the form; 14
(Subjects)x 2 (Procedural Leg: 18K’, FAR) 3 (Goal-Level: Outside Procedure, Between
Tasks, Within Task). Interaction terms were included for: SubjeBtocedural Leg, Subjects

X Goal-Level, Procedural Leg Goal-Level, and SubjectsProcedural Leg Goal-Level.
Procedural Leg and Goal-Level factors were fixed, within-subject variables. Spbsfféoc

tests were conducted on significant goal-level main effects. Table 5.8 displays the levels and
experimental conditions used to test the effects of the goal-level at which an interruption
occurs.

Constraints on simulation availability and experimental run time necessitated using
conditions for testing coupling-strength and similarity as the level 2 and 3 conditions,
respectively, for testing effects of goal-level. Because the coupling factor required three
distinct conditions, each with two replications per subject, the between-tasks goal-level
condition includes a more data than the other conditions of the goal-level. Because the
similarity factor does not contain a replication, the within-task goal-level condition has
fewer data points than the between task or external-to-procedure conditions. The unequal
condition sample sizes for these three conditions presents the opportunity for outliers in
lesser-represented experimentahditions to disproportionally bias results.
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Table 5.8. Levels and Experimental Conditions Testing Goal-Level Effects.

Procedural Leg

Goal-Level 18K’ FAF
1- External to Procedure 12.02, 22.02 13.02, 23.02
12.10, 22.10 13.10, 23.10

2- Between Procedural Tasks 12.05, 22.05, 12.06, 22.0613.05, 23.05, 13.06, 23.06,
12.07, 22.07 13.07, 23.07

3- Within a Procedural Task 12.03, 22.03 13.03, 23.03

Effects of Coupling on Interruption Management

Effects of the cohesion between interrupted adjacent tasks on interruption management
dependent measures were considered in mixed-model partial factorial analyses of variance
of the form; 14 (Subjects) 2 (Procedural Leg: 18K’, FAR 3 (Coupling-Strength: Low,
Medium, High). Interaction terms were included for: Subjgd&ocedural Leg, Subjecks
Coupling-Strength, Procedural L&gCoupling-Strength, and Subjectdrocedural Leg
Coupling-Strength. Procedural Leg and Coupling-Strength were fixed, within-subject
variables with two daturper subjectper condition. Scheff@ost-hoctests were conducted

on significant coupling-Strength main effects. Table 5.9 displays the levels and

experimental conditions used to test the effects of the goal-level at which an interruption
occurs.

Table 5.9. Levels and Experimental Conditions Testing Coupling Effects.

Coupling-Strength

Procedural Leg Low Medium High
18K’ 12.05, 22.05 12.07, 22.07 12.06, 22.06
FAF 13.05, 23.05 13.07, 23.07 13.06, 23.06

Effects of Similarity on Interruption Management

Interruption management dependent measures were considered in mixed-model, partial
factorial analyses of variance of the form; 14 (Subject®)Procedural Leg: 18K’, FAR}
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2 (Similarity: Similar, Dissimilar), to test the effects of interrupting procedural tasks with
semantically similar vs. dissimilar tasks. Interaction terms were included for: Subjects
Similarity, Subjectx Procedural Leg, and Similarity Procedural Leg. Procedural Leg
and Similarity factors were fixed, within-subject variables with no replication. Scheffé
post-hoctests were conducted on significant similarity main effects. Table 5.10 displays
the levels and experimental conditions used to test the effects of interrupted
task/interruption similarity.

Table 5.10. Levels and Experimental Conditions Testing Similarity Effects.

Semantic Similarity

Procedural Leg Similar Dissimilar
18K’ 12.03 22.03
FAF 23.03 13.03

Effects of Environmental Stress on Interruption Management

Interruption management dependent measures were considered in mixed-model, partial
factorial analyses of variance of the form; 14 (Subject®d)Procedural Leg: 18K’, FAR

2 (Replication), to test the effects of environmental stress on interruption management
performance. The SubjextProcedural Leg interaction term was also included in the

model. Procedural Leg was a fixed, within-subject variable. Only 18K’ and FAF
interruption conditions occurring before procedure performareginterruption

conditions whose decimal values are 0.02, were included in these analyses. Analyses of
other factors including the procedure leg factor were assessed for significant interactions of
procedure leg and other task factors.

Observations on Individual Differences

The significance of individual differences in interruption management was investigated
generally by analyzing interruption management dependent measures on all testing
conditions in two-way analyses of variance of main effects of the form; 14 (Subjei@s)
(Interrupted Experimental Conditions). The interaction term served as the residual and
error estimate for both factors. In addition to this overview, previous analyses were
scrutinized for evidence of significant interactions of subject variability with task factor
manipulations. Finally, analyses were reviewed for task factor effects that did not include
significant subject differences to identify particularly robust task factor effects on
interruption management measures.
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6. Experimental Results

Analyses validate assumptions, investigate general effects of interruptions, evaluate the
effects of five specific task factors on interruption management performance measures,
explore individual differences in interruption management, and finally evaluate the
relative utility of the interruption management measures for distinguishing among
condition levels.

Validating Assumptions

The experimental scenario was specifically designed to operationalize experimental
conditions in a relatively realistic operational context and provide experimental controls.
Analyses assessed whether the following design assumptions were met: (1) Subjects
experienced FPM workload as intended by the designed difficulty profile. (2) Subjects
were adequately trained on FPM skills for the profile both alone and in whole-scenario
runs, and FPM skills were stable over testing runs. (3) Procedures presented tasks in an
order consistent with the order in which subjects would arrange these tasks. (4) The pairs
of adjacent tasks used to operationalize levels of the Coupling-Strength factor reflected
distinct levels of coupling-strength as perceived by subjects.

Flightpath Management Workload Profile

An analysis of variance on Bedford scale ratings assessed whether subject perceptions of
FPM difficulty throughout the scenario were consistent with the designed difficulty levels
over regions in the flightpath. Design-level ratings accounted for a highly significant
portion of variance in subjective assessmdf(3,39) = 90.985p = 0.0001 (Appendix

6.1), and average subjectively-assessed difficulty generally increased with design-level
difficulty. Post hocScheffé tests demonstrate that design-levels of 3 were rated as
significantly more difficult than design-levels of O (the design-level for procedural
intervals) and 1, ajp <= 0.0001, but was not rated as significantly more difficult than
design-level 2p =0.3353. Design-level accounted for differences in subjective ratings
over the flightpath for each subject individualbg= 0.0024, and subjective assessment
means generally increased with design-level (Appendix 6.2).

Flightpath Management Skills

Flightpath management deviations did not exhibit asymptotic relationships with training
run number, perhaps due to the step-wise introduction of scenario elements (Appendix
6.3). Rather than analyzing FPM deviation trends over runs, subject FPM skills were
assessed against pre-defined criterion at two critical junctures; prior to procedure and
whole-scenario training, and on the two runs just prior to testing. Flightpath management
deviations for each subject on testing runs were also analyzed for stability.
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FPM Training Criterion Assessment

Subject FPM performance during runs 4, 5, and 6; that is, prior to procedure or whole-
scenario training, adhered to pre-defined altitude, speed, and lateral FPM performance
criteria; ADC, SDC, and LDC, respectively. None of thests performed on these three
performance criteria for each subject indicated that these measures significantly differed
from zero, allp> 0.1097 (Appendix 6.4).

Subject FPM Skills Prior to Testing

Subjects still met these performance criteria when they also performed procedural and
interrupting tasks on the two runs preceding testing runs (runs 15 and 16} @llL176
(Appendix 6.5Y . Runs 15 and 16 were also evaluated to determine if subject FPM skill
levels were equivalent prior to test data collection. Analyses of variance were performed
on the absolute values of altitude, speed, and lateral deviations for these runs. Results
indicated that subjects did not statistically differ in their ability to control speed
deviationsF(13,138) = 1.273p = 0.2363 (Appendix 6.6), or lateral deviatioR$13,138)
=1.237,p=0.2598 (Appendix 6.7) on the two runs just prior to testing. Subjects did
statistically differ in their ability to control altitude deviatiof§13,138) = 2.028p =

0.0227 (Appendix 6.8), although Schefiiést hodests,a = 0.05, did not indicate any
significant differences among subjects.

Stability of FPM Skills in Testing Runs

Subject FPM testing data were analyzed to ensure that FPM skills remained stable over the
course of the testing runs. Regressions of altitude, speed, and lateral deviations over
testing runs showed, with a few exceptions, slopes not significantly different fronozero (

= 0.05), lowR’ values, alR’ < 0.05, and relatively few datum per subject outside criteria
(Appendix 6.9). Exceptions to this general observation are detailed below.

Subject 13 demonstrated a very slight decrease, slope = -0.6380218, in absolute

speed deviation over the testing runs. This appears to be due to two extreme values during
run 17, and one extreme value during run 20. Subject 13 performed with less than 5 KIAS
of speed deviation for all testing runs. Subject 14 demonstrated a very slight increase,
slope = 0.301p =0.0256, in absolute speed deviation over the testing runs. Subject 14’s
performance on the last run included two datum of speed deviation excursions greater than
30 KIAS which likely caused the apparent inclination of speed deviations over testing

runs. The regressions of absolute altitude deviation on run number for subjects 6, 8, and
12, demonstrated slopes significantly different from zerqy €lD.05. Subject 6’s
altitude-deviations appear to diminish over run number, slope = - 1p51@.0238,

however this is negative slope appears largely influenced by an extreme value during run
17. Subject 8's altitude deviation absolute values increased slightly over testing runs,
slope = 1.071p =0.0438. Subject 12’s absolute altitude deviations decreased slightly,
slope =-1.329p =0.0179, over the course of the testing runs. Inspection of subjects 8

" In several cases,tatatistic could not be calculated because all values of the criteria measure were zero.
*n several cases,tatatistic could not be calculated because all values of the criteria measure were zero.

86



and 12’s altitude deviation data did not indicate any particular extreme values to which
significant slopes might be attributable. Of the three FPM dimensions, subjects most
frequently committed speed deviations outside the criterion (10 KIAS) during the testing
runs. Lateral deviations outside criterion (1875’) were least frequent. No subject

produced more than 5 excursions on any one parameter over all waypoints of the test runs;
a total of 112 waypoint crossinger subject.

Procedure Design

Procedures were constructed to be familiar in task content and flow to the operational
experience of subjects while providing task contexts necessary for experimental control
and interruption conditions. Subject orderings of constituent tasks were compared to task
orderings in the designed procedures to assess this degree of familiarity. While only the
ordering from subject 15 was statistically similar to the procedural task orders, Kendell's
tau=0.339,p=0.0131, orders defined by subjects were not statistically different,
Kendell'sW(13) = 50.50p < 0.0005 (Appendix 6.10).

Perceived Coupling-Strength and Type Assignments

To ensure correct operationalization of coupling-strength levels, subjects were asked to
rate the coupling-strength of, and the type of, each pair of adjacent tasks in the procedures.
Subjects rated the coupling-strength of the three conditions differé(226)= 98.581,

p= 0.0001, and rated the low-coupling pairs (with assumed type of “uncoupled”) lower

than that of the moderately-coupled pairs (with assumed type of “physically-coupled”),

and the coupling-strength of the moderately-coupled pairs lower than that of the highly-
coupled pairs (with assumed type of “functionally-coupled”)paBit hoctestsp <

0.0024 (Appendix 6.11). This analysis indicated no significant interaction of coupling-
strength/type and procedure, F(2,26) = 0.3230.8014.

Subject type-assignments for each pair appeared consistent with assumed type
assignments and statistically salient among alternative types, maymun®1 over all

X’ tests, with one exception. Type-assignments for the physically-coupled experimental
condition in the FAF procedure were not statistically differ&f(g) = 3.923,p = 0.4165,

tiedp =0.1278 (Appendix 6.12). While most subjects labeled this condition as
physically-coupled, an approximately equal number of subjects considered this condition
functionally-coupled as did consider it uncoupled.

General Effects of Interruptions on the Flightdeck

Results characterize the general effects of interruptions to this simulated flightdeck from
two perspectives. First, results describe pilot responsiveness to acknowledging and
initiating interrupting ATC calls, and error rates in performing these interrupting tasks.
Second, results compare pilots’ performance of interrupted procedures with performance
of uninterrupted procedures in terms of time to perform procedural tasks, procedure
performance errors, and the rate of FPM events in a procedural interval. These analyses
include those data trials in which subjects committed procedure performance errors. Error
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data were not extracted for analyses of reaction time and FPM activity measures for
several reasons; 1) for most conditions, elimination of error data would result in an
approximately 40% loss of data, dramatically reducing the power of the analyses
(Appendix 6.13). 2) errors occur disproportionately over conditions, and therefore the
randomness of reaction time and FPM measures would be destroyed and sample sizes
made, in some cases even more, unequal. 3) error-free performance does not represent the
actual time delays and FPM activity incurred by the various conditions, whether they are
attributed to the effect of an experimental or secondarily, as an effect of errors induced by
these conditions. As an exercise, all planned analyses on the full data set were compared
to the same analyses on error-free data. Most significant effects in the full data set
retained significance in the reduced data set. Approximately a quarter of the originally
significant results were not significant in the reduced set, due to extreme loss of power.
One non-significant result in the full data set became significant in the reduced data set.
For all these conditions, the relationship among means in the original analyses was
preserved in the error-free analySesThe results of the presented analyses, then,
characterize, generally, the natural effect of interruptions on a simulated commercial
flightdeck, inclusive of secondary effects due to errors induced by these interruptions.

Performing Interrupting Tasks on the Flightdeck

The ability of pilots to perform ATC initiated tasks that interrupt other ongoing flightdeck
tasks was characterized by response times associated with acknowledging and initiating
these tasks, and interruption performance errors (Appendix 6.14). Measures of central
tendency indicate that over 7 seconds elapsed, on average, before pilots acknowledge
interrupting ATC calls, and that over 5 seconds elapsed before pilots began performing
these interrupting tasks. Although performance was usually-fee® mean error rate

over all interruption conditions was 0.171, or one error in approximately every 6 ATC-
initiated interrupting tasks.

Analyses of variance were conducted on these measures to indicate the significance of
different experimental conditions and subject variability on these effects. Results
indicated that for both interruption acknowledgment and initiation time, both experimental
condition and subjects were highly significamt; 0.0001 (Appendix 6.15, 6.16). Results
of analysis of variance also indicated that interruption performance errors did not
significantly differ by experimental conditioR(17, 407) = 1.386p = 0.1388, but did
significantly differ by subject-(13, 407) = 1.650p = 0.0694 (Appendix 6.17). Analyses

of factors suspected to influence interrupted task management determine the extent to
which these factors explain why pilot performance is significantly different over
experimental conditions. The significant effects due to subject variability on these
dependent measures will be described in conjunction with other results in section 6.4.2.

" Error-free analyses are not presented in this dissertation.
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Effects of Interruptions on Procedure Performance

The presence of interruptions in procedural intervals produced on average, a statistically
significant 9.6% increase in FPM inpuyder second in procedural intervalq1,13) =

4.986,p =0.0438 (Appendix 6.18), and a 53% increase in procedure performance errors,
F(1,13) = 25.809p = 0.0002 (Appendix 6.19). The frequency of some omitted tasks
appeared to be exacerbated if an interruption occurred previously in the procedure
(Appendix 6.19). Composite times (times for completing uninterrupted procedures plus
times for completing un-embedded interrupting tasks) significantly differed from
ensemble times (interrupted procedure performance times) at a modegt(l42),= -
1.672,p=0.0958 (Appendix 6.20). On average, composite times exceeded ensemble
times by 1.63 seconds. This relationship was also evident in a similar analysis of only
error-free trials, where composite times exceeded ensemble times by even a latggy am
on average 2.034 secontl$]132) = -1.665p =0.0984 (Appendix 6.20).

Task Factors Affecting Flightdeck Interruption Management

Analyses of variance on distraction, disturbance, and disruption performance measures
tested the effects of modality, goal-level, coupling-strength, similarity, and environmental
stress on interruption management over interrupted experimental conditions. By
analyzing these hypothesized factors separately, it is possible that, for the analysis of one
factor, the residual error term may be inflated by the presence of another significant factor.
Therefore, the separate analyses for these factors performed here represent a conservative
approach to assessing their significance. As for the previous analyses, data in which
subjects performed procedural errors were included in the analyses, as were, for these
analyses, data in which subjects performed interruption performance errors. These data
were included for the same reasons as stated above; statistical power (Appendix 6.13), to
preserve the random distribution of the measure and, where possible, roughly equivalent
sample sizes, and to represent realistic behavior.

Effects of Modality on Interruption Management

Analyses determined if modality characteristics influenced performance as predicted;
specifically, if interruptions to auditory tasks were less likely to distract than interruptions
to visual tasks, if auditory interruptions were more distracting than visual interruptions,
and if cross-modality conditions were more distracting and less disturbing and disruptive
than same-modality conditions.

Distracting Effects of Modality

Analysis of variance on interruption acknowledgment time indicated that the distraction
produced by an interruption was significantly related only to the interrupted task modality.
Interruptions to auditory tasks were acknowledged, on average, approximately 4 seconds
slower than interruptions to visual task$1,13) = 4.303p = 0.0585 (Appendix 6.21).

Subject interactions with task modalify(13,55) = 5.889p = 0.0001, and interruption
modality,F(13, 55) = 6.455p = 0.0001, were highly significant. Individual differences of
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acknowledgment time in response to task and interrupt modalities may have decreased the
significance of task and interrupt modality interaction effects.

Disturbing Effects of Modality

Analyses of variance were conducted on interrupt initiation time, interruption performance
errors, procedure resumption time, and resumptive FPM activity to ascertain disturbing
effects attributable to modality characteristics.

The interaction of task and interruption modalities significantly influenced initiation time,
F(1,13) = 6.976p =0.0204 (Appendix 6.22). Interruption initiation times to cross-
modality conditions were significantly slower than to same-modality conditigfs] 3) =
7.402,p=0.0175. Significant main effects of interruption modality indicated that

subjects began performance on interrupting tasks more slowly when they were presented
visually, F(1,13) = 3.159p = 0.0989, and when the interruption occurred to an auditory
task,F(1,13) = 10.298p = 0.0068. However, inspection of the interaction past hoc

Scheffé tests on interaction means indicated that interruption modality only differentially
affected interruption initiation time for auditory interrupted tasks. In particular, subjects
delayed performing visual interruptions to auditory tasks almost twice as long, on average,
than any other interaction conditions.

The interaction between task modality and interruption modality also affected tendency to
err in performing the interrupting tagk(1,13) = 5.2p =0.0401 (Appendix 6.23). This
interaction was explained by a contrast of cross-modality conditions to same-modality
conditions. Subjects made more interruption performance errors in cross-modality
conditions than in same-modality conditions. Inspection of interaction means indicated
that while the interaction effect is obvious, interruption errors were substantially higher
when visual tasks were interrupted aurally than for any other conditions. Neither task
modality, nor interruption modality, nor their interaction influenced either procedure
resumption time (Appendix 6.24) or resumptive FPM activity (Appendix 6.25).

Disruptive Effects of Modality

Analyses of variance were conducted on ensemble performance time, ensemble FPM
activity, and procedure performance errors to evaluate disruptive influences attributable to
task and interruption modalities.

Auditory interruptions extended ensemble performance time more than visual
interruptionsF(1,13) = 10.674p = 0.0061 (Appendix 6.26). The interaction of task and
interruption modalities significantly affected procedural ermb(%,13) = 9.1p =0.0099
(Appendix 6.27). A contrast of same-modality and cross-modality conditions indicated
that same-modality conditions induced significantly more procedure performance errors,
F(1,13) = 9.1p =0.0099. Post hocScheffé tests indicated that only the auditory
task/auditory interruption condition significantly differed from the other three conditions.
The extreme affect of this experimental condition on procedure performance error
production created main effects of task modaki,,13) = 16.278p = 0.0014, and
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interruption modalityF(1,13) = 4.5p = 0.0537. Neither task modality, nor interruption
modality, nor their interaction significantly influenced ensemble FPM activity (Appendix
6.28).

Effects of Goal-Level on Interruption Management

Interruptions external to procedure performance were hypothesized to be less destructive
than interruptions within a procedure. Similarly, interruptions between procedural tasks
were hypothesized to be more distracting and less disturbing and disruptive than
interruptions within a procedural task. The following analyses determined if the
procedural goal-level at which an interruption was embedded influenced distraction to the
interruption or its disturbing or disruptive effects.

Distracting Effects of Goal-level

Analysis of variance on acknowledgment time indicated that the goal-level of an
interruption did not significantly influence subject acknowledgment tifEs26) =
1.910,p=0.1684 (Appendix 6.29). Goal-level significantly interacted with subject
variability F(2,26) = 6.663p =0.0001.

Disturbing Effects of Goal-level

Analysis of variance indicated that the goal-level of an interruption significantly affected
interruption initiation timeF(2,26) = 16.192p =0.0001 (Appendix 6.30)Post hoc

Scheffé tests indicated that interruptions occurring within a procedural.tasét the

activity level, were initiated significantly more slowly than interruptions either between
procedural taskg =0.0001, or external to procedure performampce0.0012. Initiation
times for interruptions between procedure tasks were not significantly different from
performance on interruptions external to the procequre).3606. Inspection of

initiation time residuals by the independent conditions for the goal-level factor revealed
no obvious distinctions to indicate that differences between within goal-level factors
caused the overall effect. Other measures of disturbance; interruption performance errors,
procedure resumption time, and resumptive FPM activity, were not differentially affected
by the goal-level at which interruptions were introduced (Appendix 6.31, 6.31, 6.32,
respectively). Inspection of means for these measures by goal-level revealed no
discernible trends.

Disruptive Effects of Goal-level

Subject ensemble performance timeg,26) = 0.303p =0.7417 (Appendix 6.34);

ensemble FPM activity5(2,26) = 1.724p = 0.1981 (Appendix 6.35); and procedure
performance error$;(2,26) = 0.981p = 0.3885 were not differentially affected by
interruptions at different procedural goal-levels. Inspection of means by goal-level did not
suggest trends in these measures.
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Effects of Coupling-Strength on Interruption Management

The following analyses determine if the distraction, disturbance, and disruption produced
by interruptions between two sequential procedural tasks was directly related to the
perceived coupling-strength of those two tasks.

Distracting Effects of Coupling

An analysis of variance on interruption acknowledgment times indicated a significant
effect of coupling on subject acknowledgment tinkg2,26) = 6.324p = 0.0058
(Appendix 6.37).Post hocScheffé tests revealed that subjects were less likely to be
distracted by an interruption between tasks of medium coupling-strength (physically-
coupled tasks) than between either tasks of low coupling-strength (uncoupledgasks),
0.0249, or high coupling-strength (functionally-coupled tagks)0.0079.
Acknowledgment times for highly-coupled and uncoupled tasks did not significantly
differ, p=0.8879.

Disturbing Effects of Coupling

Analyses of variance were conducted on interruption initiation times, interruption
performance errors, procedure resumption time, and resumptive FPM activity to determine
if perceived coupling-strength of adjacent procedural tasks predicted interruption
disturbance.

The effect of coupling was significant on all measures of disturbance. Interruption
initiation times were significantly affected by coupling-strength levg,26) = 8.225p
=0.0017 (Appendix 6.38)Post hocScheffé tests demonstrated that interruptions between
moderately-coupled tasks were acknowledged significantly more slowly than interruptions
occurring between either uncoupled tagks,0.0032, or highly-coupled tasks=

0.0090.

Procedure resumption times were significantly affected by coupling-strength level,
F(2,26) = 10.537p = 0.0004 (Appendix 6.39)Post hocScheffé tests showed that a
procedure was resumed significantly faster after interruptions between highly-coupled
tasks than after interruptions between either moderately-coupledpasR9)003, or
uncoupled taskg =0.0282.

Similarly, resumptive FPM activity was moderately affected by coupling conditions,
F(2,26) = 2.822p =0.0778 (Appendix 6.40). Commensurate with the effect on procedure
resumption timepost hocScheffé tests showed less resumptive FPM inpertssecond

after an interruption between highly-coupled tasks than after an interruption between
uncoupled taskg =0.0652. The number of resumptive FPM inppgssecond after
interruptions between moderately-coupled procedural tasks was less than that for
interruptions between uncoupled tasks and more than that for interruptions between
highly-coupled tasks, althougiost hoc Scheffé tests did not find these differences
significant.
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The effect of coupling on interruption performance errors was significant, but revealed a
different relationship than that exhibited by other disturbance meabi(@e26) = 3.602p
=0.0416 (Appendix 6.41)Post hoc Scheffé tests marginally indicated that interruptions
between highly-coupled tasks produced more interruption performance errors than
interruptions between moderately-coupled tapks0.0589.

Disruptive Effects of Coupling

Coupling-strength significantly explained differences in procedure performance errors,
F(2,26) = 6.966p =0.0038 (Appendix 6.42)Post hocScheffé tests revealed that,
subjects erred significantly more in procedure performance when interrupted between
uncoupled tasks than when interrupted between either moderately-cqupleéd056, or
highly-coupled taskg) =0.0677. Perceived coupling-strength of cleaved tasks did not
differently-disrupt ensemble performance time,26) = 0.1510p = 0.8608 (Appendix
6.43), or influence ensemble FPM activig(2,26) = 0.2440p = 0.7851 (Appendix 6.44).
Inspection of coupling level means revealed no latent trends in ensemble performance
times or FPM activity.

Effects of Similarity on Interruption Management

The following analyses determine if interruptions that are semantically similar to the
interrupted task are more distracting and less disturbing and disruptive than dissimilar
interruptions.

Distracting Effects of Similarity

Interruption acknowledgment times were not differentially influenced by similar and
dissimilar conditionsf(1,13) = 0.0030p = 0.9576 (Appendix 6.45). Inspection of
similarity and interaction means did not reveal any latent relationship between
task/interrupt similarity manipulations and distraction induced by the interruptions.

Disturbing Effects of Similarity

Analyses of variance on interruption initiation times, interruption performance errors,
procedure resumption time, and resumptive FPM activity failed to identify any
disturbance effects attributable to similarity conditions based on interruption initiation
times,F(1,13) = 0.0002p = 0.9885 (Appendix 6.46), interruption performance errors,
F(1,13) = 0.1840p = 0.6753 (Appendix 6.47), procedure resumption tiF{&,13) =
0.8060,p =0.3855 (Appendix 6.48), or resumptive FPM activi{],13) = 0.6020p =
0.4517 (Appendix 6.49).

Disruptive Effects of Similarity

Similarity conditions did not differentially extend ensemble performance E@el3) =
0.0020,p=0.9611 (Appendix 6.50); increase ensemble FPM activ{ty,13) = 0.0430p
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=0.8390 (Appendix 6.51); or increase procedure performance df(dr3) = 0.582p =
0.4591 (Appendix 6.52).

Effects of Environmental Stress on Interruption Management

Interruptions were hypothesized to be less distracting and more disturbing and disruptive
when introduced in the FAF procedure. To isolate the effect of environmental stress,
analyses compared only interruption management performance on interruptions presented
before the isomorphic 18K’ and FAF procedures (IP = 0.02). In addition to these focused
analyses, previous task factor analyses are reviewed for significant interactions of
environmental stress effects with the Goal-Level, Coupling-Strength, Similarity factors.

Distracting Effects of Environmental Stress

An analysis of variance on acknowledgment times indicated that interruptions during a
higher stress condition were less distracting than interruptions during lower stress
conditions,F(1,13) = 14.962p = 0.0019 (Appendix 6.53).

Disturbing Effects of Environmental Stress

Analyses of variance on interruption initiation time, interruption performance errors,
procedure resumption time, and resumptive FPM activity evaluated disturbance effects of
environmental stress on interruption management. Environmental stress affected
interruption initiation timeF(1,13) = 4.226p = 0.0605 (Appendix 6.54) and resumptive

FPM activity,F(1,13) = 10.788p = 0.0059 (Appendix 6.55), but not interruption
performance error$;(1,13) = 0.759p = 0.3993 (Appendix 6.56), or procedure

resumption timef(1,12) = 2.290p = 0.1541 (Appendix 6.57). Subjects were, on

average, almost 1.3 seconds slower to begin interrupting tasks presented in higher-stress
conditions. Subjects made, on average, 51% more active FPM pgusecond before
resuming procedure performance in higher-stress conditions. While not significant,
condition means for both procedure resumption time and interruption performance errors
show trends which suggest that interruptions in higher-stress conditions were more
disturbing than interruptions in lower-stress conditions.

Disruptive Effects of Environmental Stress

Analyses of variance on ensemble performance times, ensemble FPM activity, and
procedure performance errors evaluated the disruptive effects of interruptions due to
environmental stress. Subjects exhibited more ensemble FPM adf{\lif¥3) = 41.156,

p =0.0001 (Appendix 6.58), and marginally more procedure performance €i(bis3)

= 3.198,p =0.0850 (Appendix 6.59), when interrupted during higher-stress conditions
than lower-stress conditions. Subjects made, on average, 23% more active FPM inputs
per second during the ensemble interval in higher-stress conditions than in lower stress
conditions. Interruptions during higher-stress conditions were significantly associated
with shorter ensemble performance times than lower-stress condifbd®) = 3.437p =
0.0885 (Appendix 6.60).
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Interaction of Environmental Stress and Other Factor Effects

The Procedural Leg factor included in analyses of Goal-Level, Coupling-Strength, and
Similarity factors includes two levels of environmental stress by providing similarly-
structured procedures at two ground-proximity conditian¥he Procedural Leg factor
interacted significantly with the similarity of the interrupting task and interrupted task for
interruption initiation timeF(1,12) = 4.707p = 0.0508 (Appendix 6.46), and with goal-

level of the interruption for resumptive FPM activiB(2,25) = 2.846p =0.0772

(Appendix 6.33). A contrast of interruption initiation time means for the Similarity
Procedural Leg interaction revealed that pilots initiated similar interrupting tasks more
quickly than different interrupting tasks when in the 18K’ Procedure, and initiated
different interrupting tasks more quickly than similar interrupting tasks when in the FAF
Procedure. Inspection of Goal-LeweProcedural Leg resumptive FPM activity means
indicated that while resumptive FPM is essentially constant over Goal-Level conditions in
the 18K’ procedure, it appears that there is much less resumptive FPM after interruptions
between procedural tasks than after interruptions either outside the procedure or within a
procedural task (Appendix 6.33).

Interaction of Environmental Stress and Subject Effects in Task Factor Analyses

While Subjecx Procedural Leg interactions in the analyses for stress effects were
insignificant for all dependent measures,H 0.1909, the Subject factor did interact

with Procedural Leg in analyses of other task factors. These interactions were significant
in analyses of goal-level effects for subject procedure resumption #ifiss,180) =

1.975,p = 0.0251 (Appendix 6.32); procedure performance erkggf, 252) = 1.898p =
0.0307 (Appendix 6.36); and ensemble performance tiR{@6, 229) = 1.990p =

0.0225 (Appendix 6.34). Subjextrocedural Leg interactions were moderately
significant in analyses of coupling-strength effects for subject interruption initiation times,
F(13, 82) = 1.667p = 0.0839 (Appendix 6.38) and ensemble FPM acti{L3, 74) =
1.807,p = 0.0576 (Appendix 6.44). The SubjedProcedural Leg interaction was also
significant in the analysis of similarity effects on subject interruption acknowledgment
times,F(13, 12) = 4.427p = 0.0073 (Appendix 6.45).

Observations on Individual Differences among Pilots

Although not the focus of this research, individual differences were suspected to account
for a large proportion of variance in this data. Analyses of task factor effects examined
effects of subjects and interactions of subjects with task factors. This section summarizes
the significance of individual differences in performance over all interruption conditions
and significant interactions with task factors.

“ Decreasing altitude and distance to runway has been used in previous studies to operationalize stress
conditions on the flightdeck (Waller and Lohr 1989; Diehl 1975).
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Individual Differences in Interruption Management

Individual differences of subjects were highly significant for many measures, when
assessed for all interrupted experimental conditions; interruption acknowledgment time,
F(13,407) = 5.675p =0.0001 (Appendix 6.15); interruption initiation tinfg(13,403) =
3.183,p =0.0001 (Appendix 6.16); resumptive FPM activigf13,280) = 4.564p =

0.0001 (Appendix 6.61); ensemble performance ti(e3,382) = 10.094p = 0.0001
(Appendix 6.62); ensemble FPM activify(13,382) = 19.362p = 0.0001 (Appendix

6.18); procedure performance errdf§l 3, 417) = 4.801p = 0.0001 (Appendix 6.19).

The number of interruption performance errors committed over all conditions was less
significant,F(13,407) = 1.650p =0.0694 (Appendix 6.17). Procedure resumption times
were only moderately variable over subje€id,3,302) = 1.561p = 0.0954 (Appendix

6.63). For most measuras(, acknowledgment time, initiation time, resumptive FPM
activity, ensemble performance time, and ensemble FPM activity), both experimental
conditions and subjects were highly significgat,0.0001. However, for a the error
measuresi.g., interruption performance errors and procedure performance errors)
individual differences of subjects accounted for a larger proportion of variance than did
experimental conditions. Experimental conditions only accounted for more variance than
subjects on one measure, resumption time.

Individual Differences and Task Factor Effects

Individual differences were also evident in subject responses to some task factor
manipulations. Individual differences were most pervasive in conjunction with task and
interrupt modality conditions. Interactions between individuals and task modality
accounted for a significant proportion of variance in measures of; interruption
acknowledgment timd5(13,55) = 5.889p = 0.0001 (Appendix 6.21); interruption
initiation time,F(13,52) = 1.983p = 0.0413 (Appendix 6.22); and the number of
procedure performance errofg13,55) = 3.257p =0.0011 (Appendix 6.27). Interactions
between individuals and interruption modality also significantly influenced interruption
acknowledgment timd5(13,55) = 6.455p = 0.0001 (Appendix 6.21); interruption
initiation time,F(13,52) = 4.807p = 0.0001 (Appendix 6.22). Further, subject responses
to task/interrupt modality pairings were significantly different in terms of interruption
initiation time,F(13,52) = 1.839p = 0.0612 (Appendix 6.22). Subject acknowledgment
times for goal-level conditions also differed significanBy26,242) = 6.663p = 0.0001,

and differed for goal-level conditions in different procedural |E¢26,242) = 2.664p =
0.0001 (Appendix 6.29).

Although individual differences were significant in many analyses, some significant task
factors effects appeared to be consistent among subjects (Table 6.1). Subjects committed
more interruption performance errors in cross-modality conditions than same modality
conditions, and by far more errors when a visual task was interrupted aurally (Appendix
6.23). Generally, subjects committed more procedural errors when interrupted visually
than when interrupted aurally, and when an auditory task is interrupted than when a visual
task is interrupted, but conditions in which an auditory task was interrupted aurally
produced by far the most procedure performance errors (Appendix 6.27). Subjects
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resumed the interrupted procedure more slowly after an interruption between functionally-
coupled tasks than after interruptions between physically-coupled or uncoupled tasks
(Appendix 6.39). Finally, under conditions of higher environmentally-imposed stress,
subjects were slower to begin performing interrupting tasks (Appendix 6.54), engaged in

more resumptive FPM (Appendix 6.57), and performed ensemble tasks faster (Appendix
6.58).

Table 6.1 Robust Task Factor Effects

Effect Subject

Effect Dependent Measure p-value p-value

TaskX Interrupt Modality interruption errors 0.0401 0.8614

Task Modality procedural errors 0.0537 0.1133
Interruption Modality procedural errors 0.0014 0.1133
TaskX Interruption Modality procedural errors 0.0099 0.1133

Coupling-Type resumption time 0.0004 0.1133

Environmental Stress initiation time 0.0605 0.5659
Environmental Stress resumptive FPM 0.0059 0.2048
Environmental Stress ensemble time 0.0885 0.3163

Summary of Results by Interruption Management Effect

Table 6.2 summarizes the results of analyses of interrupted vs. uninterrupted trials, all
interruption conditions and subjects, and the main factors hypothesized to affect
interruption management. While the absolute levels of significance should not be
compared across analyses, due to different power of analysis, the pattern of results
demonstrates some interesting findings. For the most part, general tests indicated that the
disruption measures were sensitive to effects of the interruptions used in this experiment,
and that measures of distraction and disturbance, as well as disruption, were sensitive to
differences among interruption conditions and subjects. However, the individual task
factors tested were only moderately successful in explaining this variability, and had
differing success for different dependent measures.
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Table 6.2 Summary of Results by Interruption Management Measures and Effects
(p-values < 0.10 highlighted).

Independent _ Distraction Disturbance Disruption
Variable Ackn.T InitT ITEr Res.T Res.FPM Pr.Err Ens.T Ens.FPM
Interruptedv. - seemm e e e 0.0002  ----- 0.0438

Uninterrupted

Subjects(*) 0.0001 0.0001 0.0694 0.0954 0.0001 0.0001 0.0001 0.0001

Interruption 0.0001 0.0001 0.1388 0.0001 0.0001 0.0012 0.0001 0.0001
Conditions

Task 0.0585 0.0068 0.5830 0.1384 0.539€ 0.0537 0.3345 0.9032
Modality
Interrupt 0.3046 0.0989 0.3854 0.5588 0.246€ 0.0014 0.0061 0.8660
Modality
Task * Interrupt  0.7204 0.0204 0.0401 0.6932 0.3488 0.0099 0.2684 0.3777
Modality
Goal-level 0.1684 0.0001 0.8760 0.6977 0.1177 0.3855 0.7417 0.1981
Coupling- 0.0058 0.0017 0.0416 0.0004 0.0778 0.0038 0.8608 0.7851
Strength
Similarity 0.9576 0.9885 0.6753 0.3855 0.4517 0.4591 0.9611 0.8390

Environmental 0.0019 0.0605 0.3993 0.1541 0.0059 0.2347 0.0885 0.0001
Stress

* Subject factor in “Interruption Conditions” analyses of general effects of interruptions on
procedure performance.

Abbreviations: “Ackn.T"= Acknowledgment Time,
“Init. T"= Interruption Initiation Time,
“IT Err"= Interruption Performance Errors,
“Res.T"= Procedure Resumption Time,
“Res.FPM’"= Resumptive Flightpath Management Activity Frequency,
“Pr.Err’= Procedure Performance Errors,
“Ens.T"= Ensemble Performance Time,
“Ens.FPM"= Ensemble Flightpath Management Activity Frequency.

98



7. Discussion of Experimental Results

This discussion primarily focuses on the general effects of interruptions and effects of
task factor manipulations on interruption management found in the present simulation
experiment. However, prior to this content, | describe the degree to which the
experiment attained design goal of simulation validity. Further, | critically consider the
advantages and limitations of the simulation environment and implications of these for
interpreting and extending experimental results. After discussing the general effects of
interruptions and the effects of task factors, | discuss experimental results associated
with individual differences in interruption management. Finally, | consider
experimental results in the context of the proffered interruption management model.

Simulation Validity

The simulated commercial flightdeck and scenario designed for this experiment
successfully allowed context-sensitive introduction of realistic interruptions to ongoing
flightdeck tasks, provided keystroke-level data collection of subject performance, and
successfully imposed a specific profile of FPM difficulty over the scenario. Analyses
also demonstrated that subjects were adequately trained to control FPM on this profile
and that FPM skills were relatively stable over testing runs.

Procedures were designed to provide a task context for interruption conditions. These
requirements necessitated some tasks that are not typically performed during approach
and descent and irregular placement of some tasks. Within these constraints, the
procedures were constructed to present tasks in a logical order. The assumption that this
order, the procedures, would be consistent with subject orderings of these tasks was
validated for only one subject. Comments made by subjects in reviewing the task
ordering exercise and inspection of these orders revealed a prevailing strategy; tasks
should be performed as soon possible. While temporally-unconstrained tasks were
positioned early in subject orders, only tasks that were temporally, or positionally-
anchored late in the approach were placed toward the end of the ordered list. In view of
this strategy, it is not surprising that most subject orders were not consistent with the
procedure order. Although subjects’ unfamiliarity with scenario procedures may have
influenced their initial acceptance of them, the result that most subject orders differed
from the procedure order, and that all subject orders were similar, indicated that subjects
were similarly disadvantaged by procedures inconsistent with their preferred orders.
This result suggests that subjects’ performance was unbiased by their familiarity with
procedures, however it also suggests that subjects did not consider this aspect of the
scenario consistent with real airline operations. Subjects were, however, trained to
criterion on procedure performance.

Subjects performed a pretest exercise to validate coupling-strength and coupling type
assignments. Subjective assessments of coupling-strengths and type-assignments for
each of the six coupling experimental conditions revealed a clear distinction between
coupling-strength for each coupling-type, and demonstrated that subject type-
assignments were consistent with the procedural task pairs used to operationalize
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coupling strength levels in the simulation experiment. Assessments of coupling-
strengths for the experimental conditions indicated that subjects perceived functionally-
related consecutive procedural tasks as more strongly-coupled than physically-adjacent
consecutive procedural tasks.

In addition to these results which address the validity of specific aspects of the scenario,
the results of other analyses suggest some measure of overall simulation validity. The
simulation employed in this experiment differed from actual aircraft operations in many
ways. The TSRV simulator’'s controls and displays differed somewhat from the aircraft
currently flown by the subjects. In deference to experimental control, the experimental
scenario included several departures from realism; a one-person crew, lack of external
view and surrounding aircraft, intermittent high-difficulty flightpath management, and
rigidly proceduralized flightdeck tasks. Finally, the conditions of experimentagqgn,
repeated trials of similar scenarios, and unrealistically high event rates, and unspecified
effects on motivation distinguish this simulation from real aircraft operations in the
typical case. For this reason, what appear to be high error rates and slow times,
particularly acknowledgment times, for some experimental conditions may not be
representative of the behavior that would be observed in actual operations. Many of
these departures from realism, however, are possible characteristics of high-workload
“worst-case” real situations due to incapacitated crew members, low visibility, frequent
ATC vectoring, and fatigue. In addition, conducting this experiment in a simulated
flightdeck improves generalizability of results over traditional laboratory investigations
by operationalizing constructs as realistic conditions, using subjects who represent
operators in the actual domain, and an increased, if not perfect, representation of the
task environment. The following experimental results, therefore, must be considered in
light of the benefits and limitations of this simulation environment.

General Effects of Interruptions on the Flightdeck

The main hypothesis of this experiment is that the intervention of one task into the
context of another set of ongoing tasks, here an ongoing procedure, will degrade
performance on both the interrupting task and the interrupted procedure.

Performing Tasks that Interrupt

Results indicate that performance on even short, simple, and familiar tasks can degrade
performance when embedded unexpectedly in a proceduralized ongoing task set. The
effects on interrupting tasks are further interpreted in terms of their operational
significance. The, on average, seven seconds required by subjects to respond to an
interruption annunciation, and additional five seconds to begin performing the
interrupting task may be unacceptable in time-urgent situations. Error rates for
interrupting tasks were fairly low compared to traditional laboratory experiments, but
seem excessive in the context of real operations. Considering that only six types of
interruption performance errors were counted, and that interrupting tasks required only
six activities, even this low error rate is noteworthy. While rare, subjects committed
some interruption performance errors of particular operational significance; for
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example, entering the incorrect destination runway, or failing to execute a revision to
the flightpath. As all interrupting tasks were interjected into the context of the
simulation scenario in procedural intervals, no control condition exists for comparing
performance of these tasks as interruptions versus as simple keying exercises without
context.

General Effects on Procedure Performance

The effects of interruptions are also evident on the ongoing task set. Here, simple,
familiar, and, to some degree, expected, interruptions demonstrated disruptive
performance effects on a proceduralized ongoing task set. In particular, results
indicated that, as anticipated, interruptions to flightdeck procedures significantly
disrupted performance by inducing more errors in procedure performance and
increasing FPM activity. The increase in procedure performance errors is most salient
and operationally significant. If a procedure is interrupted, pilots are 53% more likely

to make an error in accomplishing that procedure than if it is not interrupted. In other
words, whereas one can expect some procedure performance error in one of every three
uninterrupted procedures, one can expect a procedure performance error in one of every
two interrupted procedures. Some of the procedure performance errors committed are
particularly operationally significant. For example, an incorrectly-tuned tower

frequency minimally causes confusion and increased radio traffic, and maximally, if left
uncorrected, could prevent a pilot from receiving life-saving instructions in time to take
appropriate actions. Other procedural errors committed in this experiment would not be
considered significant in real operations, particularly many sequence errors. However,
to the degree that subjects internalized the performance requirements of the scenario,
i.e., that procedure tasks must be performed in the order specified, these errors indicate
that interruptions reduce the probability that subjects perform as int&éndéeérefore,
whereas not all the specific errors forms manifested in this experiment are of operational
significance, it is of utmost operational significance that interruptions demonstrably
disrupt intended performance.

Anticipated performance decrements associated with interruptions were also evident by
an increased rate of FPM inputs in interrupted procedures. However, this decrement, of
approximately 2 FPM inputser minute of the procedural interval, is not likely to be
operationally damaging. Because subjects were instructed to focus on procedure
performance during procedural intervals and FPM was not required, increased FPM also
demonstrated the ability of interruptions to disrupt intended performance, as anticipated.

Finally, subjects were expected to require additional time to integrate the interrupting
task with the ongoing procedure. Comparison of composite performance times with
ensemble performance times contradicted this hypothesis, and demonstrated that,
although only marginally significant, procedure performance times were actually
compressed in interrupted procedures. This result is inconsistent with most previous

' Subjects appeared to internalize these procedure performance requirements, as evidenced by their
occasional discussion of operationally-insignificant procedural errors during the post-run period.
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research (Kreifeldt and McCarthey 1981, Field 1987; Gillie and Broadbent 1989;
Detweiler, Hess, and Phelps 1994), however is consistent with one study (Cellier and
Eyrolle 1992). This result may be interpreted as evidence that subjects responded to the
temporal pressure induced by high-FPM workload conditions at the end of procedural
intervals and compensated for the additional demands imposed by an interruption by
performing procedural tasks in the post-interruption period faster. Cellier and Eyrolle
(1992) explain their similar results as a mobilization of untapped resources. The results
are also consistent with previous research which suggests that people strategically
manage tasks to modulate workload (Hart and Wickens 1981; Moray and Hart 1990;
Segal and Wickens 1991; Hancock 1991). The observed increased error rates in
interrupted tasks may be the result of a speed/accuracy trade-off effect rather than a
direct effect of interruption disruption. An alternative explanation is that interruption
management was simply not time-consuming, perhaps that subjects adopted a
mechanism for integrating interruptions easdf Hess and Detweiler 1994). Although

this interpretation might explain results of time comparisons, it is inconsistent with
evidence of increased procedure performance errors and FPM activity.

The significant, although operationally minimal, effects on interrupting task
performance and effects on interrupted procedures demonstrate experimentally what has
previously been primarily anecdot&.g¢, Monan 1979; Barnes and Monan 1990;

Degani and Wiener 1990; Turner and Huntley 1991) and, in a few cases, observed in
retrospect€.g.,Linde and Goguen 1987; Williams 1995); that is, that interruptions,
even familiar, simple, interruptions, measurably degrade performance over
uninterrupted conditions. Accidents typically result from the confluence of several off-
normal conditions. While the degree of performance degradation induced in this
experiment was not, overall, of dramatic operational significance, results provide
empirical support for the consideration of even familiar, expected, and straightforward
flightdeck interruptions as contributing factors in accident and incident analyses.

Influence of Task Factors on Interruption Management

There are deleterious effects of performing a task when it intervenes during an ongoing
procedure as well as performance degradation effects of an interruption on the
interrupted procedure. Analyses indicate that most performance measures were
significantly affected by the various experimental conditions employed in this

experiment. This result alone indicates that there are some systematic contextual factors
which mediate the degree to which an interruption degrades performance. This
experiment found supporting evidence that four of the five task factors had significant
main effects on interruption performance. This section discusses task factor
manipulations in terms of their distracting, disturbing, and disruptive effects, in this

order.

102



Influence of Interruption and Task Modality

Modality influences include those of the interrupting task, the interrupted task. Further,
they include the interaction of the interrupting and interrupted task modalities. The
following results are presented according to these three categories of effects.

Influence of Interruption Modality

On average, auditory interruptions were acknowledged faster than visual interruptions,
although this difference was not significant. This trend is consistent with previous
research claiming that aurally presented information is more attention-directing,
“alerting”, that visually-presented informatioa.§.,Neisser 1974; Posnet al. 1976;

Segal and Wickens 1991; Stanton 1992). While the experimental conditions used to test
this hypothesis are realistic ATC clearance presentations, the expected alerting
advantage of aurally-presented interruptions was not ideally examined. This advantage
may only be evident in a comparison of aural and visual interruption annunciation,
which convey the same amount of information about the performance requirements of
the interruption. This advantage would, then, be evident in a measure of divergipn,
simple response time to a content-less annunciation stimulus. In this experiment, the
datalink (visual) condition announced the existence of an interruption aurally and then
presented information required to interpret the interruption visually. In contrast, in the
radio (auditory) condition, the aurally-presented interruption annunciation stimulus also
conveyed the message content. Additionally, the datalink condition required attention
switching from a short auditory annunciation signal to the visual content before
acknowledgment, the radio condition did not require this attention switching. Such,
attention switching between modalities is time consumang. (Vickens 1984) and

may have contributed to the effect on acknowledgment time. Mean acknowledgment
times for the datalink conditions in this experiment are slightly longer than the, on
average, 10 seconds found in previous investigations (Kerns 1990). The insignificant
trend observed in this experiment is counter to previous results that suggest pilots
interpret and acknowledge datalink messages faster than voiced messages (Kerns 1990).

There was no significant difference in either procedure resumption time or standardized
resumptive FPM activity for datalink (visual) and radio (auditory) interruptions in this
study. This result is contradictory to findings that suggest that pilots take longer to
recover from datalink interruptions than from voice interruptions (Williams 1995). This
discrepancy might be attributed to different implementations of the datalink technology.
In the current implementation, the datalink system is on a dedicated CRT located over
the throttle quadrant. Williams tested a shared-display implementation of datalink by
incorporating this functionality in the FMS/CDU. Although both implementations
initially indicate datalink interruptions aurally, the content of the interruption message is
immediately available in the current implementation but must be accessed with a button
press in Williams’ implementation.

Subjects in this experiment initiated aurally-presented interruptions significantly faster
than visually-presented interruptions following acknowledgment, although inspection of
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interaction means indicated that this effect was significant only for interruptions to
auditory ongoing tasks. This result was expected due to the relative persistence of an
auditory annunciation message, and therefore continued attention-direcjng (
Wickens 1984). In addition, as information required to accomplish visually-presented
interruptions was externally-persistent, subjects may have strategically utilized this
interface feature to delay performance on visually-presented interruptions. Subjects
could acknowledge datalink (visual) interruptions by using th&NEIBY key, and

retain clearance information on the screen. Although subjects could also acknowledge
aurally-presented interruptions with a verbal “standby” reply and re-engage ATC later
to obtain clearance information, this behavior is much more time consuming than the
analogous behavior with the datalink condition.

Auditory interruptions were more disruptive to procedure performance than visual
interruptions as evidenced by extending ensemble performance times and increased
procedure performance errors. The ability to delay interpretation of the annunciation
message and the relative ease of repeated access to this information; in short, the greater
flexibility afforded in managing visual interruptions, seems to reduce the deleterious
effects on procedure and ensemble performance. Other research has noted that the
flexibility afforded by datalink technology may decrease pilot workload (Hrebat

1994).

Influence of Task Modality

Task modality was a significant factor in determining acknowledgment and initiation
times, as well as procedure performance errors, as anticipated. Subjects were much
slower to respond to, and to begin interrupting tasks, and procedural performance errors
were twice as likely when an auditory task was interrupted than when a visual task was
interrupted. This result can also be interpreted in terms of the external permanence
provided by the visually-presented interruption messages. These results are consistent
with previous research suggesting that interfaces which provide an external index of the
interruption point reduce memory load and, therefore, mitigate deleterious effects of
interruptions (Kreifeldt and McCarthey, 1981; Field 1987; Degani and Wiener 1990).

Interaction of Interruption and Task Modality

Cross-modality conditions were hypothesized to disturb and disrupt procedure
performance less than same-modality conditions. This hypothesis was supported by
only one result. Only the auditory/auditory same-modality condition’s effect on
procedure performance errors demonstrated the hypothesized performance degradation
predicted by multiple-resource attention theayg(,Wickens 1984). This confirming
evidence is apparently contradicted by the result that the visual/visual condition was the
condition least prone to procedure performance errors. Re-examination of experimental
conditions and observational notes suggests an explanation for the dissociation of the
same-modality conditions. The original modality interaction hypothesis assumed that
interpretation of the interruption and some portion of the ongoing task would be
performed coincidentally, or time-shared. The datalink system was located outside the
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immediate visual field of the interrupted task focus and may have made timesharing
these two tasks unlikely for visual/visual conditions. Performance on same-modality
conditions that subjects managed serially rather than in parallel may have benefited
from the facilitating effects of resource priming (Wickens 1984, p. 253).

Other significant effects contrary to this hypothesis dictated a closer inspection of
results. Subject responses were significantly associated with task and interruption
modality interactions for only three measures, interruption initiation time, interruption
performance errors and procedure performance errors. These significant interactions
each indicated that subject performances were better for same-modality conditions than
cross-modality conditions. Further inspection of interaction means indicated that in
each case, one experimental condition’s mean was significantly larger than,
approximately twice, any of the other three: (1) Interruption performance errors are
much more prevalent when aurally-presented interruptions interrupt visual tasks. (2)
Visually-announced interrupting tasks are much more slowly initiated when they
interrupt auditory tasks. (3) Procedure performance errors occur much more frequently
when aurally-presented interruptions occur to an auditory ongoing task. These three
cases may be explained by the degree to which the interruption or the interrupted task is
externally-available. In the first case, performance associated with the interruption
suffers because information regarding the interrupted task, and, therefore, also the
position in the procedure, is externally available. The second case is explained above as
an artifact of the misuse of datalink response keys. In the third case, procedure
performance is most degraded by the condition which most significantly loads memory
by providing external cues for neither the interruption nor the interrupted task, and
requires the same processing resources.

Influence of Interrupted Goal-level

Results did not statistically confirm the hypothesis that subjects were less distractible
when interrupted at lower levels of a procedure goal hierarchy, or that disruption
increased with interruption goal-level. However subject interruption initiation times
confirmed a weak form of this hypothesis: Execution of interruptions to the lowest

level of the procedure was more disturbing than interruptions either between procedural
tasks or external to procedure performance. Inspection of residuals by goal-level
conditions did not exhibit within level variations indicative of a spurious effect from
coupling or similarity conditions. Disruptive effects due to goal-level manipulations
were not apparent and may have been offset by strategic delays in actually performing
the interrupting tasks until more easily integrated.

The Subjeck Goal-Level interaction was more significant than the goal-level effect in
measures of interruption acknowledgment time, interruption performance errors,
procedure performance errors, and standardized ensemble FPM activity. This
significant individual variability over goal-level conditions may have masked a latent
goal-level effect. Inspection of condition means indicates two trends consistent with
hypothesized effects for two of these measures, interruption acknowledgment time and
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procedure performance errors. Although not statistically significant, trends suggested
that: (1) Subjects tended to acknowledge interruptions more quickly to the degree that
they were less embedded in the ongoing procedure. (2) Interruptions were more likely
to induce procedural performance errors to the degree that they were imbedded in the
procedure. However, not all trend information indicates the hypothesized effects. Two
other non-significant trends were inconsistent with hypothesized effects: (1) Subjects
seemed less likely to err in interruption performance to the degree that the interrupt was
embedded in the procedure. (2) Interruptions external to procedure performance
appeared to induce more FPM activity than interruptions at the lowest goal-level, which
induced more FPM activity than interruptions induced between procedural tasks.

Although some main effect and trend evidence are consistent with the goal-level
hypothesis, the preponderance of the evidence suggests that this factor does not
significantly affect interruption management performance. These results are
inconsistent with predictions of Adams, Tenney, and Pew (1991, 1995), research
operationalizing memory-load as a level of procedure nesting (Detweiler, Hess, and
Phelps 1994), and research in speech perception (Cairns and Cairns 1976). Results are
consistent with a previous failed attempt to demonstrate that goal-level determines
vulnerability to distraction (Lorch 1987). Lorch (1987) proposed that although her
results did not indicate a significant effect of goal-level, the effect might be
demonstrated in a more realistic task context. The present experiment failed to
demonstrate this effect strongly but suggests that the effect may not be significantly
evident due to subject differences and adaptive strategies or reflexes to minimize
performance decrements.

Influence of Procedural Task Coupling

The coupling hypothesis is based on research in procedure performance which suggests
that operators arrive at associations among procedural tasks (Elio 1986). The associated
tasks, then, form a subset which is performed as a unit, with diminished need for
attentional control, and therefore is more impervious to interruption (Shiffrin and
Schneider 1977; Schneider andf8m 1977). In the aviation domain, pilots refer to

this notion as “flow”; that is, they actively attempt to associate tasks to “make sense”.
Subjects frequently noted their reasoning in developing these associations during the
experiment’s phase 1 training sessions for procedure performance. This experiment
assumed that subjective ratings of coupling-strength between adjacent procedural tasks
would validly represent internalized representations of procedural task associations.

Subjects did rate coupling-strength levels commensurate with designed coupling-types.
However, their performance when interrupted between adjacent tasks of high, medium,
and low coupling-strengths did not confirm hypotheses that interruptions between more
strongly-coupled tasks would be less distracting, and more disturbing and disruptive.
Coupling manipulations did significantly affect several measures, however the
directions of these results were mixed. Figure 7.1 represents, schematically, the
relationships between perceived coupling-strength ratings and condition means of
significant coupling effects. Subjects were least distractible when interrupted between
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tasks of moderate coupling-strength; that is, involving proximal activation.

Interruptions between moderately-coupled tasks were more disturbing than uncoupled
or highly-coupled tasks, in terms of interruption initiation and resumption time.

However they were less disturbing than uncoupled and highly-coupled tasks in terms of
resumptive FPM and interruption performance errors, respectively. Subjects were more
likely to commit an interruption performance error when it occurred between highly-
coupled tasks. Disruptive effects were only evident in the form of procedure
performance errors and indicated that interruptions between uncoupled tasks were more
disruptive than interruptions between coupled tasks.

None of these measures statistically support the strong form of the coupling-strength
hypothesis, that performance effects due to an interruption between two adjacent tasks
are proportional to the perceived coupling-strength of these two tasks. The incidence of
interruption errors provides evidence for a weakened form of the hypothesis:
Interruptions between highly-coupled tasks are more error prone than those interruptions
between either uncoupled or moderately-coupled tasks. Lack of supporting evidence in
other performance measures suggests that perceived coupling-strength of severed tasks
is not a particularly useful construct, by itself, for predicting the degree of distraction,
disturbance, or
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Figure 7.1. Schematic of Coupling-Strength Condition Means for Significant Effects.

disruption induced by interruption between tasks. One explanation of the failure of such
a hypothesis is that subjects were unable to use the rating exercise to accurately reflect
the strength of coupling experienced when actually performing tasks. However, the
internal consistency and salience of these results suggests a more complex
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interpretation. More likely, rather than increasing levels of coupling-strength,
gualitative characteristics of these coupling types, defined by characteristics of the
antecedent task and the subsequent task, affect performance differently.

Reinterpreting these results in terms of coupling-types rather than levels of coupling-
strength reveals potential explanations for this pattern of results. To restate the results
in terms of coupling-types: (1) Interruptions between uncoupled tasks are disruptive,
causing more errors in the post-interrupt procedure. (2) Interruptions between
physically-coupled tasks are least distractible and most temporally disturbing. (3)
Interrupting task performance between functionally-coupled tasks is most error prone.
To understand this pattern of results, | review the nature of the experimental conditions
operationalizing these coupling-types. Uncoupled conditions in both the 18K’ and FAF
procedures were operationalized by an antecedent task requiring simple menu selection
and data entry in the FMS/CDU and a subsequent task requiring a radio call in which
information is received. Physically-coupled conditions in both the 18K’ and FAF
procedures were operationalized by two simple manual tasks, proximally-located.
Functionally-coupled conditions in both the 18K’ and the FAF procedures were
operationalized by an antecedent task requiring subjects to illuminate a cabin sign by
pressing an overhead panel button, and a subsequent task requiring subjects to
communicate to the passengers information related to that sign. Note that the
subsequent tasks in both the uncoupled and functionally-coupled conditions are,
relatively, lengthy verbal tasks, whereas the subsequent task for the physically-coupled
condition is a simple, fast manual task. Completion of antecedent tasks in both the
physically-coupled and functionally-coupled conditions are externally visible.
Interruptions between physically-coupled tasks were least distractible and most
temporally disturbing. Performance of those interrupting tasks announced between
functionally-coupled tasks was most error prone. Interruptions between uncoupled tasks
instigated the highest incidence of procedure performance errors and resumptive FPM
activity.

Reconsidering antecedent and subsequent task characteristics suggests the following
explanation for the pattern of significant results. The antecedent tasks of both the
physically-coupled and functionally-coupled conditions provide obvious indications of
having been performed and therefore provide an externalized representation of the
interruption and resumption point, the uncoupled condition does not. Previous research
indicates that providing an externalized representation of the interruption point
facilitates post-interruption performance (Kreifeldt and McCarthey 1981; Field 1987,
Degani and Weiner 1990). Significantly higher procedural error rates for the uncoupled
condition may be attributed to the absence of an obvious interruption position marker.

The pattern of results associated with time measures reflects a typical strategy that
subjects employed. Subjects interrupted between physically-proximal tasks rarely
preempted performance of the subsequent task to perform the interruption. Rather, in
this condition, subjects completed the subsequent task before acknowledging the
interruption. Such behavior may be either strategic or automatic. Subjects may
recognize that this interruption condition does not provide an external representation of
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the interruption point, that there is no conceptual link to the next task, and determine
that they should not interrupt the procedure at that point. Alternatively, proximal and
consecutive procedural tasks may be compiled as an automated sub-unit of the
procedure and simply may be resistant to interruptam (Muller and Rabbitt 1989).

Results associated with interruption errors provide the only, albeit weak, evidence that
perceived coupling-strength affects interruption performance in the hypothesized
direction. Rather than considering this result as derivative of perceived coupling-
strength, one might interpret this result in terms of activation theagy,Anderson

1976; Adams, Tenney, and Pew 1991, 1995). Because antecedent and subsequent tasks
in the functionally-coupled conditions are semantically-related, performing the
antecedent task in this condition theoretically accentuates the activation level of the
subsequent task, and therefore avails less resources for managing the interruption.
According to this interpretation, and extending the prediction of memory-based

intention theoriesq.g.,Miller, Galanter, and Pribram 1960), the increased activation of
the functionally-coupled condition’s subsequent task may facilitate procedure
resumption more than conditions in which the antecedent task has less priming effect on
the subsequent task. Experimental results confirm this interpretation and provide
supporting evidence that task tension, here, association strength of procedural tasks, is
memory-basedcf. Adams, Tenney, and Pew 1991). Procedure resumption times and
standardized resumptive FPM indicate significantly more efficient procedure

resumption for functionally-related conditions than uncoupled conditions.

Influence of Task and Interruption Similarity

No main effects of task/interruption semantic similarity were evident. Previous research
suggests that pre-load (ongoing) and loading (interrupting) tasks similar in resource
demands result in interference and associated performance decrengeriigi(and

Wickens 1995). Other research suggests that interruptions which activate knowledge
structures consistent with previously activated structures are more easily processed than
those that require activation of competing structuess. (Adams, Tenney, and Pew

1991, 1995). The experimental hypothesis asserted that in a relatively realistic
environment, imbued with semantic meaning, effects of facilitation would outweigh
effects of resource interference for simple tasks. The insignificance of similarity
manipulations in this experiment can not be distinguished from counteracting effects of
interference and facilitation.

Alternative explanations for this lack of significance may be traced to the
operationalization of experimental conditions. To adequately test this hypothesis, the
selected interrupting tasks and interrupted tasks would need to evoke task-related
knowledge to working memory, and this knowledge would need to be consistent with
that of the ongoing task for the ‘similar’ condition, and would be inconsistent for the
‘dissimilar’ condition. In this experiment, the first assumption may have failed if
subjects performed these tasks by rote; that is, without evoking conceptual constructs
associated with the task. Due to time constraints and the familiarity and simplicity of
the interrupting tasks, it is highly possible that subjects performed these tasks
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automatically, without activating, to any useful degree, semantic information related to
the interrupting task. This possibility garners support from the general observation that
experimental manipulations, if they had an effect on performance, rarely produced
propagating, or disruptive, effects to the remaining procedure. Secondly, interruptions
were paired with interrupted tasks to construct the ‘similar’ and ‘dissimilar’ conditions
based only on expert pilot judgment. The evocative strength and contents of knowledge
structures associated with these interrupting tasks were not pre-tested to operationalize
these conditions.

A marginally significant interaction of similarity with procedure leg for interruption
initiation time revealed that pilots initiated similar interrupting tasks more quickly than
different interrupting tasks when in the 18K’ Procedure, and initiated different
interrupting tasks more quickly than similar interrupting tasks when in the FAF
Procedure. One explanation for this effect is that interference effects may be
exacerbated in more attention-demanding environmental conditions and may
overwhelm any facilitating effect of semantic similarity evident in less stressful
conditions. An alternative explanation is that the interrupting tasks are significantly
different in some aspect other than semantic category. While the two interrupting tasks
were designed to be as alike in annunciation signal and keystroke requirements as
possible, the annunciations differed in the digits and units announced and by the
utterance of an extra digit for the altitude change interruption. The interrupting tasks
differed only in that in the altitude change interrupting task, subjects typed “6500” and
in the speed change interrupting task, subjects typed “160/” (Appendix 5.10). These
experimental conditions used to implement similarity conditions prevent distinguishing
between these two possible explanations.

Influence of Environmental Stress

Increased environmental stress, imposed by increased ground proximity, longer
interruption acknowledgment times, longer interruption initiation times, and increased
active FPM rates in both the resumptive interval and ensemble interval as a whole.
These results are consistent with theories suggesting that stressful conditions diminish
the availability of attentional resources (Eysenck 1982; Easterbrook 1959; Kahneman
1973) and confirm the hypotheses that environmental stressors would decrease the
distractibility and increase the disturbance and disruption induced by an interruption.
These results are, however, inconsistent with results from datalink studies indicating
that acknowledgment times decrease in lower altitude, higher stress conditions (Kerns
1990).

While ensemble FPM activity and procedure performance error results confirmed
expectations, subject ensemble performance time response did not. Ensemble
performance times were hypothesized to increase due to disruption induced by an
interruption at higher stress levels. Results indicated that ensemble performance times
during higher stress levels actually were shorter than those for lower stress conditions.
Alternatively, subjects may compensate during the post-interrupt procedure for having
been interrupted, and that compensation was more pronounced in higher-stress
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conditions. Results of analyses comparing ensemble performance times to composite
times provide evidence of this strategic compensation for deadline conditions. Cellier
and Eyrolle (1992) observe this compensatory behavior in response to time pressure, a
form of environmental stress. In light of this other evidence, the compressed ensemble
performance times during higher environmental stress conditions may be cautiously
interpreted as supporting evidence for the exacerbating effects of environmental stress
on interrupted procedure performance.

Individual Differences and Interruption Management

Significant individual differences were expected based on previous research relating
operator characteristics to performance differences in interrupting condgigns (

Kirmeyer 1988; Jolly and Reardon 1988) and the flexibility afforded by this relatively
realistic task environment, even given significant restrictions in scenario performance.
Results indicated that subjects were significantly variable in many interruption
management performance measures. Although not surprising, this result is important
for several reasons. First, it is methodologically important, underscoring the importance
of a within-subject experimental design in studies investigating interruptions. In
analyses of the full set of interruption conditions, several measures accounted for more
variability than did differences among subjecis, interruption initiation time,

procedure resumption time, ensemble performance time, and standardized ensemble
FPM activity, differences. These measures may therefore be more sensitive measures of
interruption management effects if a within-subject design is not possible.

Second, in several cases, subject variability interacted significantly with experimentally-
manipulated factors. These subject-by-factor interactions were most prevalent across
measures for task and interruption modality conditions, and for the interaction of task
and interruption modalities. Subjects also responded differently to the goal-level factor,
and the interaction of the goal-level factor and environmental stress condition for
isolated measures. Dependent measures that captured these subject-by-task factor
interactions include principally interruption acknowledgment time, interruption

initiation time, and in one case each, procedure performance errors and standardized
resumptive FPM activity. These significant interactions provide a foundation for
investigating individual differences in interruption management and, ultimately,
determining significant operator characteristics that mediate interruption management
performance. Kirmeyer (1988) found that type-A personalities report more active
control actions in post-interrupt periods than type-B personalities. Significant
differences in resumptive FPM among subjects in the present study may be indicative of
a similar effect.

Finally, subject variability contributed significantly to experimental variance in most
analyses. However in some cases, subject variability was not significant, indicating
that, some effects of independent task factors on those interruption management
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performance measures are consistent across subjects. These cases predominantly
involved measures of disturbance and effects of modality and environmental stress.

Results and the Interruption Management Model

Results from the task factor experiments contribute to an understanding of the benefits
and limitations of the interruption management model. First, | consider task factors in
terms of the interruption management stages. | then discuss the interruption
management dependent measures used in the present experiment as reflections of the
interruption 